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ABSTRACT 

(Distribution Limitation Statement No. 2) 

An analytical model to describe the behavior of a  forward biased or reverse 
biased (including avalanche breakdown) diode in a transient X-ray environment 
is developed. The calculated results are compared with experimental results. 
The avalanche multiplication phenomenon is related to the physical parameters 
of the device.  Equivalent circuits for the device under irradiation are 
developed. The basic theory of avalanche transistor operation is reviewed and 
the critical design factors for operation of an avalanche circuit in a radiation 
environment are discussed. The circuits were tested in the range from 106 R/sec 
to over 10i0 R/sec. Circuits were tested with and without different types of 
junction compensations. Avalanche diodes and transistors were also irradiated 
in a neutron environment. Some of the diodes and transistors were still 
functioning properly at doses of 8.6 x 10  nvt. An avalanche circuit was 
shown to be relatively insensitive to a neutron environment after exposure to 
neutron fluence in excess of 10  n/cm . 
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SECTION I 

lOTRODUCTION 

At the present time, various circuits utilizing semi- 

conductor devices are being incorporated into sophisticated 

military weapon systems which might be subjected to severe 

radiation environments. Previous research efforts have re- 

sulted in the evaluation of various semiconductor circuits 

and devices in a nuclear environment. These efforts have 

shown the need for further theoretical investigation and 

experimental evaluation of these circuits and new circuits 

to develop additional hardening criteria and compensation 

techniques. 

The present understanding of the basic mechanisms in- 

volved in the production of undesirable radiation induced | 

transient and permanent effects in avalanche semiconductor | 

devices is still in the evolutionary stage. As semiconductor 

devices and circuits become more and more complex, the need 

also arises for equivalent circuit models of these devices 

and circuits. These device models can be used in computer 

programs for complex circuits to predict the approximate 

total circuit responses and correlate these responses with 

the actual experimental results. 
* 

An experimental and theoretical study of the basic 

aspects of avalanche breakdown was made so that a com- 

parison of theoretical model responses and actual device 



responses under radiation could be made. Models for 

avalanche diodes and transistors were developed for both 

I        the cutoff and avalanche regions of operation. 
i 

f The  avalanche diodes investigated were p+n silicon 

|        alloy diodes with breakdown voltages in the range of 8 to 
I 
I        22 volts. The significant effect of X-ray radiation on these 
I 

devices is the production of electron-hole pairs which 

results in the production of a transient photocurrent. The 
1 

photocurrent is shown to be multiplied by the device's ava- 

lanche multiplication factor M, which enhances the normally 

observed photocurrents. As the external voltage across the 

device approaches the breakdow- voltage, the photocurrent 

increases about an order of magnitude above that observed 

at low voltage. Beyond breakdown, the photocurrent tends 

to decrease again. This is a basic phenomenon which is 

characteristic of the avalanche device. When the device is 

in the breakdown region, a longer tail (or slower decay) 

is observed on the resuxting radiation induced photocurrent. 

This behavior is caused by the buildup of an electric field 

inside the lowly doped n-region of the diode. 

The basic theory of avalanche transistor operation was 

reviewed and the critical design factors were discussed. 

Simplified equivalent circuits were developed for avalanche 

transistor operation under transient X-ray irradiation. 

Since avalanche transistor circuits are normally sensitive 

to transient radiation, methods of circuit design and 

hardening techniques were developed. Using these methods, 
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I optimum designs for radiation-hardened-avalancbe-transistor 

i 

I 

circuits were established and were tested in a transient 

radiation environment. 

Basic theory of neutron degradation öf sendconductors 

was reviewed, and critical design factors of semiconductors 

in relation to neutron damage were discussed. Avalanche 

diodes and transistors were irradiated in a neutron environ- 

ment, and pre- and post-data were takeno Using these 

results, the theory of operations of avalanche devices 

and basic neutron degradation of semiconductors, upper 

limits of exposure were established that still permitted 

the devices to operate satisfactorily. 



SECTION II 

fHEORY OF  AVALANCHE SEHICaSDöCTOR DEVICES 

1.  AvalaiMshe Devices and Phencaaeaa 

In most p-n junctions, the  jpredosainant physical 

isechanism which gives rise to reverse breakdown is called 

the avalanche effect- Many times the avalanclie effect is 

confused with the Zener effect, but these effects are two 

entirely different phenomena. The avalanche diode or 

Zener diode is a solid state semiconductor device which 

uses certain features of the reverse electrical character- 

is tier of a p-n junction. Also the forward characteristic 

of these devices can be used for low voltage reference or 

as temperature compensation for the reverse-biased 

junction (reference l). 

The avalanche effect is a nondestructive carrier 

multiplication that occurs in the depletion region. When 

the voltage across a reverse-biased p-n junction is in- 

creased, it is found that the current will gradually 

increase. As the voltage approaches the breakdown voltage 

of the junction, the current increases very rapidly, and 

it is only limited by the external circuit resistance. This 

phenomenon occurs because the minority carriers, which are 

thermally or otherwise generated, diffuse to the junction, 

and  they are ace .erated by the high field region of the 

reverse-biased junction.  If the free electron or hole 

drifting through the depletion region acquires sufficient 
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energy fron the field« ix can ionize the atoms in the 

depletion region by collision with them. This collision 

ionizes the atom and produces a free electron-hole pair« 

The ionized electron-hole pair, upon gaining sufficient 

energy, is capable of repeating the above process, and so 

on, resulting in an avalanche multiplication. Thus, the 

process is cumulative and jaay result in a tremendous 

increase in current, depending on the voltage across the 

device. 

In making diodes with low breakdown voltage, large 

doping levels H. and K are required. But as the doping 1 
■ft *J ^ 

levels get too large, another breakdown phenomenon called 

6 I Zener breakdown takes over for an electric field of 10 | 

volts/cm or greater. The Zener breakdown is a direct | 

rupture of the valance bonds, caused by the large field | 

developed across the depletion region.  This field is I 

sufficiently large to liberate el<  rons from the covalent 

bond producing free electron-hole ,. j.irs with the direct 

excitation of electrons from the valence band to the % 

conduction band (reference 2). 

The liberated electron-hole pair acts as a charg: 

carrier, and thus increases the current. Therefore, in the 

Zener breakdown, an energetic ionizing carrier is not 1 

required, as the Zener mechanism is quantum mechanical in j 

nature (analogous to tunneling). For instance, in a field 

of 10 volts/cm extending over a distance of 10 °, a carrier 

would only gain a maximum energy of 0.1 volt. For 

5 
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I ' ■ ■       - 

I mSfpms. fQSss, of te^afeiäowit msstf occur beesös« of the heat 
I I peoiä«c®d hg tlm «rarresfc flcwisig tliirou#3s -fehe dspietioö region. 
i .■•' 

I The feeftt incrsa^est öie ■Ön^iKBal gimeraticai of £re® electxon- 
I I holm pair®»    Als «ffect is cmmiimtiv©, aM if t&e tesaperatare 
I I 
| of the Suseticm. Ise,ean@8 söffieiantiy high,  a large current 
>' 

i incraajt® will fee observed.    But tlii© effect is a»iall in 
I 
;| ccsspaxisoii to tb« ^ener or avalanche and «sually caar« fee 
I 
|      ignored. Tfcera is ai®o the possibility of surface breakdown, 

but devisfts are atrailable tlsat HLinimizs this effect. 

Ä typical current-voltage characteristic of a diode is 

shown in  figure 1- When  the diode forward current becomes 

I sufficiently large, s deviation in plotting the universal 

diode equation is observed. This deviation is caused by a 

significant vcltage drop produced in the contacts and semi- 

conductor material. Also, when the diode reaches breakdown, 

the diode equation no longer applies. The reverse breakdown 
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A voitage iaay toft ai^where trom a few volts to around 1,000 

f /:[y_:^:\ ■$&&&, 'ä&p&mkxxtq  jaainiy on. the conductivity of the various \ 

t regions (iiacreaoiög the tenyerature also will increase the 

I conductivity) and the type of material. The reverse break- 

I acmn  does not have to be destructive, as some diodes are 

purposely made to operate in this region. If the diode is 

j operated in this region, an external circuit is used to 

I liiait the current to prevent appreciable heating and 
I   -i 

i permanent d^asage tjo  the junction. However, by using an 

I appropriate höat, sink, it is possible to make and use diodes 
I 
I wiiicl» can dissipate watts at their breakdown voltage. The 

I ^ener diodes( avalanche diodes, or breakdown diodes can be 

| used in the fields of voltage regulation and -dipping, and 
I 
| for voltage reference purposes. 

I I The universal diode equation for an ideal reverse- 

I biased diode below breakdown is given by 
I I 

j Xa » Ins(e^j
/kT-l) ^ - T c               (1) "DS 

where 

I_  = reverse diode current 

I   « bulk diffusion saturation current 
— 1Q 

q = electron charge (x.6019 x 10~ "  coulomb) 

v. « voltage across junction (negative for reverse bias) 

k - Boltzmann constant (I.58O x 10' ^ J/0K) 

T = absolute temperature 

~ = 0.026 v at room temperature (T = 300OK) 

8 
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In reality, the total reverse current for a p-n junction is 

the sum of three components, namely 

1=1  +1 XR      ■LDS  ^SL (?) 

where 

^DS 

SL 

bulk diffusic:; saturation current 

surface leakage current 

charge generation current in the depletion layer 

Neglecting !__, experimental measurements reveal that 

at room temperature and above I  is much greater than I- 

in germanium, but in silicon I  is so small that the 

generation current I_ predominates,  I_ has been shown by 

Pell (reference j) to vary as 

1^, = KqWAe (3) 

where 

K = proportionality constant which approaches unity 
for a reverse bias greater than one volt 

W = depletion width 

A = junction area 

n. - np 

T  (n x n ) + T  (p + p ) prv    r'   nr'r *r' 
= carrier emission or 

generation. 

Fron the above discussion on avalanche, one would 

expect the reverse bulk current in the diode to exhibit a 

multiplication effect, that is 

^ = - ^DS + IG) W 

'8* 
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ä        where tlie negative signs indicate conventional current is 

*        flowinc frcwn the n to the p aide oi the junction and M 
I 

I        represents the multiplication factor. 

It Is well known that the number of minority carriers 

which are multiplied may be controlled by means of an 

«nitter junction which is positioned in close proximity 

to. the reverse-'toiased, multiplying collector junction 

(reference 4). This type of behavior is often referred to 

as an n-p-n or p-n-p avalanche mode of operation or as an 

avalanche transistor. The device is capable of exhibiting 

emitter current multiplication greater than one, and it is 
l 

I        used mainly in the field of switching (pulse generators, 
f 

counter circuit, regenerative pulse amplifier) and transmis- 

sion application. For switching application, it can have an 

I        alpha greater than one and a negative resistance, as do 

point-contact or hook-collector transistors. The negative 

|        resistance region can be used to reduce losses in transmis- 

|        sion systems. But the design of circuits using avalanche 

transistors is quite difficult as the devices may be 

unstable and/or display a high degrer of distortion due to 

I        the alteration of the collector characteristics from 

I        avalanche multiplication. 

I In most transistors the switching speed is limited be- 

I        cause of storage of minority carriers. However, in bistable 

f .     . I        type circuits using avalanche transistors, the collector 

junction never becomes forward biased (transistor never goes 

10 
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into the current saturation region) and the problem of the 

usual storage of minority carriers does not occur. The 

multiplication process is extremely fast and in most tran- 

sistors this is on the order of nanoseconds. Thus, any 

significant charge storage effect caused from radiation would 

not seem to occur. Depending on the operating location of 

this device, it is perhaps possible to pick out an operating 

point that would minimize the change in output voltage under 

radiation. This section will discuss the avalanche breakdown 

theory and its application in circuits employing diodes and 

transistors operating in their avalanche regions. 

2.  Diode Avalanche Breakdown Theory 

McKay (references 5 and 6) used a modified form of the 

Townsend discharge theory for gases to explain the avalanche 

mechanism responsible for breakdown in reverse-biased 

p-n junctions. In our derivation we will modify McKay's 

derivation, and we will define an ionization coefficient cr n 

as the number of electron-hole pairs/cnr produced by an 

ionizing electron per unit distance traveled, and an ioniza- 

tion coefficient a as the number of electron-hole pairs/cnr 
P 

produced by an ionizing hole per unit distance traveled. As 

shown in figure 2, the space charge region of a reverse- 

biased p-n junction has a width w and plane parallel geometry. 

In a step p+n junction, the n-region resistivity is much 

higher than the p-region resistivity so that the depletion 

region spreads almost entirely into the n-region. Also the 

11 
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reverse diffusion current and/or any diffusion primary 

photocurrent consists mainly of minority holes p /cnr that 

diffuse from the n-regic;. We assume that the number of 

holes/cnr injected into the ^pace charge region at 

x = 0 is p , and these holes are capable of producing 

more electron-hole pairs in the region from x = o to x = w 

We assume that the number of holes/cnr created in the space 

charge region by electrons and/or holes is p . Then the 

number of holes generated between x and x + Ax can be 

expressed as 

p(x + Ax) = p(x) + p generated recombined (5) 

n-typs 

—    SPACE CHARGE REGION 

ELECTRIC HELD 

"" FT  
Jw«|—- n (x) 

1   I PT=po+Pc 
1 I p(s+Ax)    1""! *      n (x+Ax) 
Xi. 
X       X+ÄX 

p-type 

w 

Figure 2.    Avalanche Multiplication Region 
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We know that ths time required for an ionized carrier to 

cross the high field-space region of a typical diode is 

-9 about 10  second or less, but the recombination times are 

of the order of 10  second (reference 6). Therefore, if 

we assume that the loss of carriers by recombination in the 

depletion region is negligible, then the neglecting of the 

recombination term in the above equation should not intro- 

duce any noticeable error. Assuming that the generation 

of a carrier/cm^ is proportional to the total number of 

carriers/cm^ there, equation (5) becomes 

p(x + Ax) - p(x) = p(x)a Ax 4- n(x + Ax)o Ax     (6) 

Dividing by Ax and taking the limit as Ax - 0 we get 

M*l = p(x)ap + n(x)ftn = [pT.n(x)lfl(p + n(x)an  (7) 

where p is the total number of holef/cnr at x = W. 

The change in holes/cnr (hole generation) must equal the 

change in electron/cm (electron generation) or, in equation 

form,  we say 

Mxl = . dEixl   ,a _ a )n(x) _  a 
dx       dx     K  n p'1^*'   ^T p (8) 

or 

^M + (« - a )n(x)=-p(T,a ,n. dx   K  n p' ^ '   rT p (9) 

Solving the above first order differential equation, we obtain 

13 



n(x) c - 

x    f (a -« )dx' 

(10) 

Putting in the boundary corditions that n(x = w) « o and 

n(x = 0) = pT ~ PO and simpiifying. 

■ M " y 

x 
f (a -a  )dx' vov n p' 

dx (11) 

where M = pm/p .   the multiplication factor.  If a -a    - a, rT ro r n   p   e 

em effective ionization factor, the above equation reduced to 

w 

i-k = c a dx e (12) 

which is McKay's result. An analogous expression holds for 

electrons if the initiating carriers are electrons. As the 

integral in equation (12) approaches unity, M approaches 

infinity; and when the integral attains unity, M equals 

infinity and breakdown has occurred. 

In the above derivation we have neglected the past 

history of the ionizing carrier and have assumed that a or a 

is solely a function of the electric field E. We have also 
•a 

assumed that at any instant of time the number of electrons/cm-^ 

and holes/cnr in the space charge region is relatively low 

and that we can neglect their mutual and self-interaction. 

In the above analysis we have essentially followed only the 

history of one carrier. The other carrier will automatically 

14 
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be taken care of in order to record that one carrier has 

completely crossed the space charge region. 

We can support the previous derivation by a simplified 

mathematical treatment of avalanche multiplication. We know 

that the carrier and those created within the depletion region 

have a distribution of «nergies, a distribution of time 

between collisions, and a distribution of direction 

(reference 2). Therefore, not all the carriers that enter the 

depletion region nor those created will be capable of produc- 

ing new carrier pairs. We can say then that there is a 

probability that a given carrier or those created will produce 

an electron-hole pair as it crosses the depletion region. 

Suppose that n electrons/cm^ enter the depletion region 

such that P percent of them suffer an ionizing collision in 

crossing the space-charge region.  In an ionizing event an 

electron-hole pair is created, but the pair together move the 

I same distance that one electron would move in crossing the 

I I        entire region. Therefore/ if the electron and hole have the 

f 
I same probability for ionizing, we can assume that each pair 

I created has the same probability P of creating another pair. 

| That is, n electrons/cnr produce Pn pairs/citr; these Pn 

I 3 -5 
I pairs/cnr can produce p(Pn /cnr) more pairs, etc.; or the 

"I 
I number of electrons/cnr leaving the transition region under 

I these conditions is given by 

f "      v 
I n,  .   = n    + Pn, + P(PnJ   + p(p)(Pn   )   +   ...= n     S    P (13) s out o o vo v/xo' o, v ■•■■-'/ 
I k=o 
f 
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If we define the raultiplicatioß factor as the ratio of the 

masher of electrons/oar^ leaving the region to the mmber 

which enter, we  can solve the previous equation for M and 

obtain 

n      M 

M=-2H£=:  E pk = -r-i- when 1?! < i      (14) 
no    k=0     i " p 

using the properties of a geometric series, F in the above 

theory can be related to previous discussion by 

W 

P = L ae(E)äX = 1 " 'S (l5) 

which is less than one except at breakdown where M - *•, 

P -* 1, and 

W 

[   a (E)dx = 1 (16) 
o e 

If P is equal to 1/2,  M is 2 and only half of the pri- 

mary electrons on the average have ionizing collisions. 

Similarly, only half of the first generation pairs can pro- 

duce ionizing collisions to form second generation pairs; only 

half of the second generation pairs can produce ionizing col- 

lisions to form third generation pairs; etc. This form of 

behavior is illustrated in figure Z>  for n equal to four.  It 

must be kept in mind in this diagram that each ionized pair 

is treated as one carrier having the ionizing probability 

16 
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P of 1/2,    Hie sufecript o in the figure indicates aa iaitiaj 

carrier entering tlie regicm, and the sut^cript i Ltidicates 

an ionized carrier. 

I 

ECOND GENERATION 
AIR 

- IONIZING EVENT 

Figure 3, pictorial Representation of Avalanche Multi- 
plication for P=l/2 
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It nas been sbown by Miii^r (references 7 and 8) that 

? AS4 M ci@pead OR the reverse tia#, V-, applied across the 

d^pletioa t&gioni    ffhea ¥, » 0, M « \ and p = 0. and, when 

V. -* the avslamshe breakdown voltage V' , M -* »^and p - 1. 
1 s 

r reasosjabie fit to experisseatai data which also satisfies 

th« J^jove properties is given by 

V., 

^ w«) (IT) 

where a* is an empirical constant depending on georoetrical 

factors and material constants. Substituting the above 

CKpression fear P into equation (15)» we obtain 

M 
V, n 

(18) 

Ä typical plot of M as a function of V /v is shown in figure 

4 for different values of n*. From this plot one sees that 

the rau1tiplieation for low value of voltage is very small 

and can be approximated by one. However, depending on n', 

above a certain threshold voxrage the multiplication effect 

takes over and becomes large. 

As discussed in Appendix II, the depletion region of 

a p+n junction expands almost entirely into the lightly 

doped n~side, and the following approximations hold for 

the depletion width W, tVie electric field E, and the 

junccion voltage V^: 

18 
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„   w2 
/    r o i M     / „      _      1 o 

Ärf"(5 + 1)  - si(l+i>-WSxS0 E 
r o (20) 

0 EoW  E^wf 
-v . =  \  E - dx = -J5- - ■"}j'"* 

-2v  -2Vv^   nr-'i , ^i/2 
E =-—1 = 3 H_ * LiSL 1 v. w I 

^-2€r€ovj     r 0 (2lb) 

where W, is the junction width when the reverse bias is 

1 volt, E is the maximum electric field, and V. is the 

junction bias measured with respect to n side (i.e. 

for a reverse-biased condition as above, V. is negative, 
3 

and it includes the externally applied voltage and the 

built-in contact potential). In the Zener hypothesis, 

breakdown occurs when a critical field is reached anywhere 

in the junction. This critical field is a constant at a 

civen temperature and would be reached at the breakdown 

voltage, hence. 

(EQ) = constant = J 
2(3  |v I  N 
r o 

1/2 1/2 

(22) 

or 

V 

2 € c 
(constant) ■«—- 

F  = '      "N^ (23) 
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Thus, the Zener theory predicts a breafedcwn voltage wfiieh 

is inversely proportional to the doping density of ths 

lightly doped side or proportional to the resistivity of 

tlie lightly doped side. The 2anÄr theory has been 

gstpecimentally shown not to hold, but that breakdown can 

be d«sc£ibed frc-m the avalanche theory. 

Figure 4. M as a Function of V./y_ for Different Values 
j  B 

of ns 

At very high multiplication rates, the number of 

electrons and holes participating in the avalanche process 

is essentially equal, and so one would expect the break- 

down voltage of a p+n or an n+p junction to be 

approximately equal (reference 8). 

20 
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w- 
Is genaanifö.. the ionization rate for holes is greater 

than that for electrons by about a factor of two. This 

difference between the ionization rates is reflected in 

the empirical multiplication laws for p+n and n+p diodes. 

In an n+p junction the average icnization rate initially 

starts up the electron ionization curve for low voltages. 

As the voltage increases, a higher and higher percentage 

of the particles participating in the avalanche process 

is holes. Thus, the saultipiicatioa rises sharply with 

increaaxng voltages as the average particle Ionisation 

rate rises toward the hole ionization rate. A similar 

argysient would tend to make the multiplication in a p+n 

junction more gradual. 

>• Avalanche Transistor 

Three basic modes of use for switching transistor 

circuits are the avalanche mode, saturation mode,, and 

current mode. The area the switching transistor circuits 

fall into depends on the operation conditions and the 

portions of the transistor output characteristics utilized. 

In all three modes, the off region is characterized by the 

intersection of the load line with the cutoff region of the 

transistor.  In a saturated mode switch the maximum voltage 

change which occurs at the collector with switching is ap- 

proximately equal to the collector supply voltage. However, 

as we shall see later in this section, the maximum allowable 

21 
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voltage swing in the avalanche node depends not only on the 

characteristics of the transistor, but also on the transis- 

tor base circuitry. Basically, avalanche mode switching is 

nothing more than a rapid transition from collector base diode 

breakdown to the collector eroitter type breakdown. 

Transistors operating in the avalanche mode can give 

rise to nanoseconds rise time pulses by operation in the 

negative impedance area of the coiranon-emitter-breakdown 

region. The area of operation of an avalanche transistor 

may be understood with the aid of figure 5» which shows an 

n-p-n transistor biased in the avalanche mcd^. Initially, 

we bias the base so that IBR - I--, is a small reverse base 

current, which maintains the transistor operating at point A. 

If a positive pulse is applied so that the base current is 

reduced to zero, the transistor operating point shifts to 

point B' within a few nanoseconds (assuming V _ can supply the 

current through R« and the device can dissipate the power). 

After the trigger pulse is over, the operating point shifts to 

B and remains at that point.  However, if a negative pulse is 

applied so that A is the only stable operating condition on the 

load line, then the transistor returns to A. Point A! is not 

a stable point because of the inherently negative resistance 

of the device at this point. 

Some of the main advantages of avalanche circuitry are its 

extremely fast rise time, low cost due to few circuit components, 

22 
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Figure 5. Typical Bias and Characteristic of a 
Transistor in a Basic Avalanche Mode Circuit 
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talninruns temperature sensitivity, large voltage and current 

gain« and snail delay tine. However., associated with the 

advantages are disadvantages, such as large ratio of recovery 

tine to rise tine, a delay tine associated with the input. 

United repetition rate because of transistor power dissi- 

pation capability and circuit design, and possibility of 

transistor failure. However, not all the disadvantages 

listed have to be present in a particular application, as 

they nay be nininizad without conpromising the advantages 

of avalanche circuitry. 

It has been found possible to design an avalanche 

transistor pulse generator with peak power of about 500 W 

and voltage comparison circuits that have nanoseconds rise 

tines. The shape of the voltage pulse can be changed by 

using charge lines, and the turn-off tine can be decreased 

with the use of another avalanche transistor. Most of these 

circuits require sone means of driving the transistor into 

avalanche and then bringing it out again, which can be 

acconplished by various methods. The circuits we will 

discuss have been designed for practicality and for under- 

standing transient radiation effects rather than optimi- 

zation of circuitry. Avalanche circuitry has not found too 

great an application in logic circuits as avalanche circuits 

are usually a-c coupled, which prevents the circuits from 

remaining in the "on state" for long periods of time. 
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As has been discussed earlier, avalanche multiplica- 

tion occurs in a reverse biased p-n junction as a result 

of impact ionization produced by mobile charge carriers. 

As a result of this ionization, we defined a multiplication 

factor M as the number of electron-hole pairs produced per 

carrier entering the depletion layer. This increases the 

normal  bulk leakage current by M. At high enough 

voltage,, the multiplication factor becomes infinite, and 

breakdown is attained.  In a silicon diode most of the 

ionizing carriers are thermally generated; however, in a 

transistor, both the injected carriers and thermally 

generated carriers will be multiplied. The injected 

carriers into the collector depletion region can be con- 

trolled by the emitter and base currents. 

A good empirical fit to the breakdown characteristics 

of many transistor types is given by (reference 9) 

M = 

-( 

V  v n1 CB \ 
mCBo' (24) 

where 

V-,,, = collector to base voltage 

BV 0 = collector to base breakdown voltage with the 
emitter lead open-circuited 

n'  - empirical constant that varies from approx- 
imately 2 to 10 
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The parameter n* controls the sharpness of the onset of 

breakdown. The larger n* is, the sharper the onset of 

breakdown. That is, M continues at nearly unity until V_ 

appxoaches very close to BV--« for large n' and then 

increases rapidly. If we multiply equation (24) by a(a is 

the comDon-foase current gain which is less than one) and 

define V^l« V^, we find that 

iF- - (i - -^ (25) 
CBO 

The conauon emitter current gain ß is equal to -flcr» so the 

above expression reduces to 

^M_ = (ß + irVn- (26) 
D CBO 

This result indicates that V^« is some fraction of BVCB0. 

The behavior is shown in figure 6. The figure indicates 

that the larger n' is, the less dependent VaM is on ß and 

the closer VaM is to BV 0. It should be pointed out here 

that a and n' are a function of current. » increases to a 

peak at low currents and V M tends to decrease. However, 

as current levels increase, we also have the depletion region 

widening. The tendency here would be for multiplication to 

decrease or n' to increase with a resulting increase in V M 

26 
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Since the two important parameters of avalanche 

circuits are V  and BV___, circuit designers have been 

reluctant in the past to use avalanche circuitry in appli- 

cation where consistent results and reliability are required. 

However, in the last couple of years high speed transistors 

have become available on the market, which have a high 

degree of reliability and consistent values of VffM and BVCBO 

due to better manufacturing techniques. 

i 

I: 1.0 

log (B0 + I) 
100  200 

Figure 6.  Behavior of V „/BV,,-,,. versus {6„ + 1) 
OLPi L.öU O 

If a current !„ flows through the emitter of a transistor, 

then al_ reaches the collector junction.  However, incorpcrat- 

ing the multiplication factor into the current observed in 

the collector, we can express the total collector current 

with multiplication as 

Ic = M(aIE + ICB0) (27) 

where IrBO is the normal collector-base reverse leakage 

current due to diffusion or charge generation without the 

27 



presence of the multiplication effect. Here we ire saying 

that in the presence cf avalanche multiplication, the transis- 

tor behaves as if its common base current gain were a* where 

1 ♦ a = Ma (28) 

Since I„ = !„ + Ig, equation (27) is solved for !_, yielding 

M ' 

If orM becomes greater than unity, the base current must 

reverse to satisfy the equation (29)« Thus, any V in 

excess of V -, places operation of the transistor in the 
OIK 

avalanche region. Designating -1™ as the reverse base 

current necessary to satisfy equation (29) when V  is great- 

er than V M and substituting equation (24) into (29)# we 

obtain 

I   - al 
T  -   CBO   ^BR 
C "     v   n' 

VBVCBO/ (50) 

Assuming that V  «= V  and  solving for the collector-emitter 

voltage VCE, 

«I    I    l/n' 
V  = BV   ' '     '   BR   CB0 [l-a+- CE    CBO L        I„    I 

c   "-c J (31) 
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As !„ becomes large in comparison to 1^  and Ij^g«* V--, 

becomes 

VCE = SW1"^ 
l/n« 

(52) 

This is the same result as the voltage V „ which we obtain an 

for the case arM = 1. The implication here is that for 

high Ic, VCE approaches V  regardless of the condition at 

the base (reference 9). 

Consider the circuit in figure 7 where n^, is the base 

spreading resistance. We will assume that until the base 

emitter voltage VB,_ exceeds the contact potential V_p of 

the base emitter junction, all of I flows through the base 

(reference 10). This is because the built-in contact 

potential of the base emitter junction causes this junction 

to be reverse biased. The flow of leakage current through 

r,, and R^ produces a voltage that attempts to forward 

bias the base emitter junction.  The current continues to 

flow out of the base as long as V_,_, is less than V__. 

B B 

—  BB 

Figure 7. Variation of Breakdown Voltage Between 
Collector and Emitter by Base Circuit.,' 
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After VBlg exceeds the contact potential, the base emitter 

junction becoaes forward biased and all the additional 

currents flow through the emitter. The resulting breakdown 

is labeled BVCEXl where BVC_^ is defined as the breakdown 

voltage between collector to omitter with a specified 

circuit from base to emitter. Thus, for breakdown we require 

VB'E = ^CBO [RB + rbB^ " VBB = VCP ^3) 

Solving equation (35) ^ox  M and setting it equal to equation 

(24) (assuming VCB » 
V
CK) 

and solving for BV    we obtain 

BV   - BV   (l - WVfbbi^1^ BVCEX  BVCBO Kl Vcp+VBB   / (34) 

If V__ = 0, this breakdown voltage is labeled BVcgR or 

l/n' 
d . Is^^H^L) 

ÖVCER  " GBO \       VCP    ' (35) 

where BV.«- is  the collector to emitter breakdown voltage 

with a specified resistance between base and emitter. 

Also if R_ = 0, the breakdown voltage is labeled BV   or 

l/n« 
sm        (,   _ XCB0^ 

CES ■ "OK (' - 'J^) "«1 ■' '^ ",, 

where BV-_e is the meisured collector to emitter breakdown 

voltage with the base shorted to the emitter. Equations 

(3^), (35), (36), and (?5) indicate that the breakdown 

voltage of the collector to emitter is somewhere between 
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V-,M and BVmn,  depending on the condition of the base 

circuit. This typical behavior is illustrated in figure 8. 

but the exact shape depends on the variation of ß with !_. 

The variation of ß with Ic depends on the transistor fabri- 

cation methods (alloy, planar, epitaxial, etc.)  and thus, 

the breakdown characteristics can have a variety of shapes. 

i 
4 i.      ..   , , 

BB2l>) B8| 

CE 

I CES 

Figure 8. Typical Behavior of BV_E with Base Circuitry 

Once a transistor is operating in the avalanche region, 

a piecewise continuous model can be evaluated to determine 

the circuit stability. The collector to emitter incremental 

resistance r. is defined as the differential change of 

voltage with respect to the collector current at a given 

operating point. From figure 8 and equation (31)» this 

value is negative once the device triggers and approaches 

zero for high I . c 

The incremental capacitance is defined as -K*.  If we 

assume we are at point A shown on the figure above and a 
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mtgative change in voltage -AV is applied to the collector 

emitter texmitals, a resulting increase in current äi  occurs. 

The stored charge xust also increase by an amount äq 

and the evalaach« capacitance is given by 

CK'%'%'-^ (31) 

The C. as indicated in the prsvious equation (yj)  is a negative 

value throughout the negative resistance region. As point A 

moves to a higher current, the same ~AV will result in a 

much larger Ai change. 

The raair point to be made in this short discussion 

is that at the collector emitter terminal a negative nonlinear 

output resistance and capacitance will tee observed for a 

transistor operating in the avalanche mode as shown in the 

equivalent circuit in figure 9« At high Ic? r, -• 0 and 

CL-» - mt  while at low Ic, r- » and C. - C ^ (reference 9)* 

Figure 9. Equivalent Circuit of Collector Emitter 
Terminal with a Resistive Load and Static 
Characteristics 
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Th© single pole of the transistor equivalent circuit 

can to« found by inspection and can ^ shown co fee 

g , .  _—— 
CA (58) 

For the circuit to be stable, the above pole raust be 

located in the left half of the complex plane. This 

requires that -g- < |~-| or 1^ > |rAl for a stable poiatt 
Li A 

and thus the natural frequency corresponds to a decaylug 

transient. Ho%^ever, if i^ < |rAJ, the operating point is 

unstable and the natural frequency corresponds to a growing 

transient. The operating point will then asove in the di- 

rection of the disturbing signal until a stable point is 

established. Thus, for the characteristics shown in figure 

9, point B is unstable (^ < 1*^!) while point C is stable 

(R. > !rAl)• Point A is stable as the device is not in the 

ava_anche roode, and the transistor therefore has positive 

conductance and capacitance. 

I An avalanche circuit can then be triggered frcsr. the off 

state to the avalanche by making jr.j > It , This can be 

accomplished by decreasing the magnitude of the base reverse 

current or increasing the collector voltage. To make the 

transistor return to the off state, jr.j must again be made 

greater than Rj which can be accomplished by the inverse of 

either of the above two methods (reference 9)* 

One of the circuits tested under nuclear radiation is 

the one shown in figure 10. The d-c load line was selected 

to yield a single stable peint in the off state. The supply 
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DYMÄHIC LOAD 
USE « 1 

Figure 10. Basic Trigger Avalanche Circuit Eroploying a 
Capacitor for Energy Storage and its Volt- 
Ampfu-e Characteristics 

voltage charges the capacitor through Rc to a voltage Vcc 

slightly less than the breakdown voltage BVcfcx. The static 

load line (l/Sc) is chosen so that it does not intersect 

the low voltage breakdown curve, and therefore, not give 

rise to latch-up and thermal destruction. The dynamic 

load is not too critical except that a minimum peak current 

should be obtained to have predictable avalanche switching. 

Since we were using a 50 Q coaxial cable transmission system, 

R. was chosen to be 50 H. As the circuit indicates, the 

base current is reversed and the base emitter junction may 

oe slightly reversed biased. The multiplication factor at 

this point is large because Vcc is close to BV- 0. If some 
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positive pulse of significant amplitude is applied to make 

the "off point" unstable and lower the breakdown voltage, the 

transistor essentially fixes and switching occurs. However, 

as the transistor is switching to the on state , the tran- 

sistor collector voltage is decreasing. This in turn decreases 

M, which makes the build-up proceed more slowly until equilib- 

rium is reached. During this time we assume that the sixpply 

voltage cannot supply the current through IL, to maintain 

ccnduction in avalanche, and all the current must come 

from the capacitor. The capacitor then discharges rapidly 

through the transistor and the load resistor R_. The volt- 
it 

age across R^ and the collector drops very rapidly and 

reaches a negative maximum peak in a few nanoseconds. After 

the voltage across R^ reaches a peak, it decays to zero as 

I 

C 

Jl 

*»! to 3 nanoseconds 

Fi igure Typical Triggering Pulse, Output Waveforrn, 
and Waveform at Collector 
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j f the capacitor recharges. When the capacitor has dis- 
I 
| charged, the collector voltage, as shown in figure 11, 

,: | 
- w 
; I remsins for a time at the sustaining voltage, since the 

transistor takes a finite tiae to recover and return to 

the initial state. The pulse width depends upon 1L and 

Cj, and increases as C, increases.  Assume that the pulse 

width recovery is primarily determined by the time required 

to recharge C,. The recharge time is determined by R C. 

time constant which can be varied. However, Rr must not be 

made too small in order to prevent sustained conduction and 

remain permanently in avalanche, c. is usually fixed by the 

avalanche turn-on transient and pulse width requirements, 

and some different approach must be taken to reduce the 

repetition rate that avoids the danger of latching. Two 

possible solutions to this problem are illustraced in 

figure 12. 

One circuit shows a diode returned to ground through 

V',,- which is less than the breakdown voltage of the traivais 

tor. This allows the V__ supply voltage to be increased 

beyond the breakdown voltage, and therefore decrease the 

required time to recharge C, and hence increase the repeti- 

tion rate. The other circuit employs an emitter-follower 

action of T2 which reduces the charging time constant. 

A single transistor operating in the avalanche mode 

which can be made to generate pulses (negative or positive) 

with controllable duration and amplitude is shown in 

figure 15 (references 9, 10, 11# 12). 
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Figure 12.    External Components. Added to Basic Avalanche 
Circuit to Increase Repetition Rate 

50»  CHARGE   UNt 

Vs/v— 

B3 - 

Figure 13.  Avalanche Delay Line Generator 
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A negative pulse is obtained by placing RL in series with 

the 50 H charge line to ground. For the purpose of cal- 

culating the output waveform, we will use the equivalent 

circuit shown in figure 14 where avalanche breakdown is 

indicated by closing of the switch S? and opening of switch 

'cc •—WV"-"i 

'u—K 

VW—4 

D 

Figure 14. Equivalent Circuit of Avalanche Delay Line 
Generator in Avalanche Breakdown 

During the transistor off cycle, the charge line 

essentially behaves as a capacitive load and charges to V-- 

through R-. If a positive pulse of significant amplitude 

is now applied to the input, the transistor breaks down and a 
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positive pulse appears at the output. This pulse has an 

amplitude V = V  - V . The initial charge line current 

was aero, so a step current starts down the line at t = CH- 

i(CH) =   ^ 

p' = _ 

V^ (41) 

Theodore,   the total  line current at t - 2T^+ is 

l(2Td   )  ' R0+RL       V^       VV ^^ "  '     (l^^)2-       (42) 

If we neglect the small current contributed by Vrr 

through Rc, the transistor current i will be positive at 

39 

where the delay line appears to be a resistance equal tc | 

its characteristic iapedaace RQ. Ißien this current reaches 
s 

the end of the line at t » t,  (where T, is the one wave | 

propagation time of ths lins), it is reflected as a current I 
I 

step by a reflection coefficient e given by 

VRQ (40) 

where IL, is the torminated resistance of the charge line. 

In our case we are using an open line and the pulse is 

completely reflected with a change of polarity (i.e., p= -1). 

Ät t = 2(Td+) the pulse has reached the begüming of the 

line and has been reflected by 
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t = 2T, for R.  > R-.    Hence the transistor would reiaain in 
U       If    u 

«vaiaujch« and nsore reflection ^rould occur. The output 

voltage across R, would then consist of a staircase type 

waveshape with each le^el sepsucatcd by 2T^ time intervals 

rather thaa a rectangular puix^r cutout« X£ R, < RQ, 

'*o wouM h?>ve a reversal oi collector current at t = 2Tj 

^»hich would t^^l to turn tfc© trarvsistör off. Re Elections 

&Kf  ncsaf occur oss the lii^e, teut sisce  the transistor is 

cut off and exhibits high iajpedance^ they will not appear 

across R-« However, if R, = IU, the transistor would go 

oat of avalanche with the resultir^ opening öf switch 3j, 

closing of switch S,, and the dropping a* th« output voltage to 

aero. In either case, R^ = R-. or S_ < R^, there will 

appear across R. at t = 0+ a positive pulse given hy 

vc(,-v 

As shown in equation (43), the output voltage is adjust- 

ahl^ through Vcc, S,, and RQ. The pul&e duration 2T, can be 

controllsd by the rype and l&ngth of charge line. The 

output voltage is positive and can have a raaximum amplitude 

of Vcc~VaiA  £or ^ >>  R0; however, this condition will result in 

reflections on the load. This occurs because the pulse 

amplitude VL on the charge line is given by 

R 
v (o+) = (vcc-v ) =-1=- L        ^C cvM R0+RL ^4j 
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The pulse goes to the end of the charge line and is cam- J 

pletely reflected without a change of polarity, At £ 
.-Sr 

t = 2T-,  it returns to the collector and increases the a I 
voltage by the same ajuount as at t = 0+ with a reduction $ 

1 of the voltage across  R.,    However,   this  reflected voltage 
I 

would be  too small to reduce the coüector current signif- | 

icantly to terminate the pulse. I 
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SECTION III 

NUCLEAR RADIATION EFFECTS ON AVALANCHE p-n JUNCTIONS 

1.  Effects of Radiation on Semiccnductor Components 

When a burst of nuclear radiation, composed of both 

neutrons and gamma rays, is incident on a semiconductor 

component such as a diode, it is observed that the compo- 

nent rated value changes. The peak magnitude of the rated 

value che.ige is a function of the intensity of the radia- 

tion, the time behavior of the pulse, and is dependent on 

both the material of which the semiconductor component is 

made and the surrounding environment of the component. 

But there is at least one fundamental difference in the 

phenomena generated by neutrons on the one hand, and X rays 

or gamma rays on the other hand. Roughly, neutrons primari- 

ly cause permanent damage to the material (physical proper- 

ties change), while the effects of gamma rays or X rays are 

usually transient effects (reference 13)•  Some of the 

transient effects caused by the saturation of the circuit 

can last longer than the radiation pulse.  For the most 

part, the neutrons interact with nuclei, causing, for example, 

dislocations within a crystal, transmutation 0\  atoms, 

insertion of extraneous atoms or changing of chemical bonds, 

whereas photons are atomic interaction within materials and 

usually just produce free electron-hole pairs.  In a nuclear 

weapon environment (fusion) most of the ionization produced 
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is due to the 14-Mev-neutron^ and to the gamma rays of the radii, 

tion, b'.it ail nuclear particles can contribute. However, 

in this report, we will assume the neutrons cause j-ist per- 

manent damage and the X rays cause just transient effects. 

Past experimental evidence has shown that semi- 

conductor devices (diodes, transistors, etc.) are the com- 

ponents most sensitive to nuclear radiation and that reduc- 

tion of the radiation sensitivity of these devices is 

necessary for a nuclear hardened system.  Usually they are 

the devices which are responsible for roost of the temporary 

short-time current anu voiuage signals that perturb an 

electronic system. The semiconductor devices also undergo 

significant degradalion before ether components, which leads 

to systems failure.  In this section we will review experi- 

mental and theoretical aspects of radiation effects on semi- 

conductor components caused by photons and neutrons. 

2.  Transient Effects 

If a diode or transistor in a circuit is exposed to a 

pulse of X ray or gamma ray, the condition of the circuit 

will be modified by passing from its steady state condition 

before the radiation pulse to a state of excitation that 

will depend upon the intensity and duration of the pulse. 

When the radiation pulse has ceased, the circuit will then 

relax to its previous condition o£ equilibrium within a 

characteristic time.  This effect is due to the creation of 

excess electron-hole pairs from ionization.  These effects 
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usually do not directly cause permanent d&n\age to the 

material, but because of a current overload ths ionized 

carriers they produce may cause permanent changes to the 

semiconductor. However, high-energy gamma and X rays can 

undergo interaction with a nucleus producing excitation 

and transmutation, but in this subsection we shall .mainly 

concern ourselves only with the production of  free 

electron-hole pairs by the incident radiation. 

When X rays interact with matter there are three 

predominant mecJiarisms of interaction. They are the photo- 

electric, Compton, and pair production effects. The 

relative im. ortance of each of these depends on the X-ray 

energy and the atomic number of the acsorbing material. 

For low energies (s; 100 kev) and large atomic numbers 

the photoelectric effect its the predominant process. The 

photoelectric effect is the process whereby the energy of 

the incident photon is totally absorbed in ejecting an 

electron from an atom and imparting kinetic energy to it. 

For energies between 100 kev and 4 Mev the Compton 

process becomes important.  It represents an interaction 

with an orbital electron of an atom to produce an energy- 

degraded photon and a recoil electron. 

At higher energies, above 1.02 Mev, the pair produc- 

tion process becomes increasingly important with increase 

in photon energy.  Pair production is an absorption process 
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for X rays in which the incident phcton is annihilated in 

the vicinity of the nucleus of an atom/ and an electron- 

hole pair is produced (reference 14). 

When an X ray hits the semiconductor, electron-hole 

pairs are produced throuuh direct ionization by photons 

or by the slowing down of electrons and positrons.  In 

most materials an amount of energy eqnal to two to four 

times the ionization potential of the material would be 

expended for each ionization produced.  The energy spectrum 

of secondary electrons due to X-ray interaction depends 

upon the type of processes involved in their generation 

(photoelectric, Compton, or pair production).  The first 

generation of electrons will have predominantly high 

energies.  The spectrum of the high energy secondary elec- 

trons is of the form of an inverse energy squared function. 

If this spectrum still has some high-energy components, 

these components are capable of producing further ionization, 

These electrons will then continue to lose their energy by 

further inelastic scattering until finally they are trapped 

or recombined (reference l4). 

Ionization within a semiconductor therefore results 

in the production of electron-hole pairs.  The hole - 

electron pairs may carry current either by diffusion, when 

there is a carrier concentration gradient, or by drift when 

there is an electric field.  Since opposite charges 

attracc, the free electron will be attracted towards the 
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positive terminal, and the hole moves towards the negative 

terminal in the presence of an applied electric field 

(reference 15). The total current flow is the sum of the 

hole- and electron-current components, and for a one- 

dimensional flow they may be expressed as 

jn = qunnE + qDn |H (lt5) 

3P ' qUpPE " qDp i (46) 

where 

9 
j = electron current density (ampere/cm ) 

j = hole current density (ampere/cm ) 

-19 q = magnitude of electronic charge (1.6 x 10  coulomb) 
2 

u ~  electron mobility (cm /volt-sec) 
2 

u = hole mobility (cm /volt-sec) 

n = electron concentration (cm~^) 

p = hole concentration (cm--3) 

E = electric field (volts/cm) 
2 

D = electron-diffusion constants (cm /sec) n 
2 

D = hole-diffusion constant (cm /secx) p \       '        , 

The first terra in the above equation represents the 

drift-current component (proportional to the electric field), 

and the second term represents the diffusion-current 

coraponsnt (proportional to the concentration gradient of 

carriers).  Since the diffusion of carriers results from a 
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density gradient (i.e., the tendency of particles to move 

from a region of high concentration), one can see that 

the shorter the distance in which the electron density 

changes (i.e., the greater the gradient of density)  the 

larger the diffusion current will be (reference 16). 

If the air surrounding the semiconductor is ionized, 

the positive ions and electrons produced can move. But the 

positive ion has a much smaller mobility than the free 

electron of the air, and it does not add much to the 

flow of current. The electrons produced by ionization of 

gases around a semiconductor device often contribute 

significantly to the results of transient radiation measure- 

ments unless preventive steps are taken (references IJ and 

18). 

Sooner or later the excess electron-hole pairs 

produced by radiation are captured and can no longer contrib- 

ute to the transient effects of the circuit.  One method of 

immobilization would be by direct recombination of the 

electrons and positive ions.  But this process happens very 

rarely as the probability of an electron coming v/ithin 

range of attraction of the positive ion is very small. 

Instead, more complicated multistep processes (trapping, 

attachment, and defect centers) are responsible for 

electron capture. 

In semiconductors, where the freed electron occupies a 

state in the conduction band, the electron returns to a 
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valence band state in several sequential transitions by 

means of a recombination center. These recombination 

centers are discrete levels located near the center of the 

forbidden-energy gapr and are so called because they aid 

the recombination between electrons and holes. This pro- 

cess simply amount?, to the center first capturing an 

electron and subsequently capturing a hole. A recombina- 

tion center thus has a large capture cross sect-ion 

(probability that any localized level can capture an excess 

carrier) for both electrons and holes.  In some cases, 

depending upon the atomic origin of the level, the level 

has a high-capture cross section for one of the mobile 

carriers, but an extremely small cross section for its mate. 

This level is called a trap because it tends to trap the 

carrier for which it has the larger capture cross section 

without capturing the other kind of carrier.  Some trapping 

phenomena have been observed in which excess mobile 

carriers have been held for hours, or days, as in the 

formation of F centers in alkali halides (reference 15)• 

In a typical germanium or silicon transistor the 

recombination time is usually a few nanoseconds to a few 

microseconds. The recombination occurs indirectly by use 

of a recombination center and the rate of recombination is 

a function of the concentration of these recombination 

centers. The purer the material the longer is the lifetime 
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of excess carriers.  The maximum experimental value for 

very ptre single crystal silicon is about 500 micro- 

seconds. 

a.  Transient Effects on Diodes 

Irradiation of a semiconductor p-n junction produces 

an excess carrier concentration. With constant voltage 

applied to the junction, the resulting current pulse 

depends on the radiation pulse width, the pulse shape, 

intensity, and the recombination time of the minority 

carriers. When the recombination time is long compared 

to the radiation pulse width, the concentration increases 

at a rate proportional to the radiation dose until the 

pulse is shut off. Then the semiconductor relaxes to its 

preirradiation steady state value within some character- 

istic time.  But if the recombination time is short 

compared to radiation pulse width, then the excess- 

carrier concentration is proportional to the dose rate at 

any particular time and follows the shape of the radiation 

pulse. 

A typical variation of majority and minority carriers 

in the vicinity of a one-dimensional germanium p-n junction 

is shown in figure 15-  Solid lines indicate the equilib- 

rium carrier concentration under bias before irradiation, 

and dotted lines indicate a cypical carrier concentration 

immediately after irradiation (reference 18).  In a reverse 

bias condition the minority carriers constitute the 
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leakage current (see figure 15a).  Because the holes in the 

n-region are injected into the p-region and electrons are 

injected irto the n-r^gion, the direction of current flow 

is from the n-region to the p-region. 

Whan the diode is irradiated by a pulse of ionizing 

radiation, electron-hole pairs are generated uniformly 

throughout the device.  Since there is a built-in electric 

field,and perhaps an externally applied field across the 

junction transition region, the carriers generated in 

this region will be swept across the junction and collected 

in less than a few nanoseconds. If the radiation pulse is 

much wider than a few nanoseconds, these carriers consti- 

tute a current which has essentially no time delay relative 

to the radiation pulse.  For this reason this current is 

referred to as the prompt photocurrent component. 

In the regions outside of the junction transition 

region, there is a transient increase in the minority 

carrier densities as shown by the dotted lines in figure 15a. 

As indicated by the dotted lines, the minority carrier 

density gradients at the edges of the junction have increased. 

This would increase the minority carrier diffusion tendency 

(i.e., density gradient) in the vicinity of the junction and 

more carriers would diffuse towards the junction. Most of 

the excess minority carriers, which are within a diffusion 

length of the junction diffuse to the junction and contrib- 

ute to a transient current. However, on the average, excess 
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minority carriers generateci in the p- and n-regions greater 

than one diffusion length from the p-n junction do not 

reach the junction before they recombine. Therefore, they 

do not contribute significantly to the transient current. 

The diffusion component of current generally takes s 

time which is large compared to the duration of the radia- 

tion pulse to diffuse to the junction. It is therefore 

referred to as a delayed photocurrent component. The 

excess holes in the n-region diffuse towards the p~region, 

so that the radiation-induced delayed component of 

current is from the n- to the p-region. Since the depletion 

and diffusion photocurrent is in the same direction as 

conventional current flow in a reverse biased diode, the 

net result is a transient photocurrent superimposed on the 

steady state leakage current. 

Ä forward biased junction can be regarded as a short 

circuit in most instances. The voltage drop due to applied 

voltage across the junction will be small and normally will 

not completely cancel out the built-in junction potential. 

Thus, an electric field will still exist in the same direc- 

tion as in a reverse biased junction. Carriers which are 

generated in the junction transition region will, as before, 

be swept across the junction by thic field and collected 

within a few nanoseconds. This current will be in opposi- 

tion to the normal forward bias current. As indicated by 

the dotted lines in figure 15/ the majority carrier 
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densities  iiranediatelv after  irradiation will not bs «altered | 
I J -I # appreciably  (for iradiation levels that do not generate | 

p majority carriers comparable to tine norisml «quiiiBri^ss 
i ' i 
|i       values), 3mt the minority carrier density grscSxent will I 
m i- 
§. decfease. Ths* net effect of pulsed X rays on  a forward | 

I 
biased junction is a transient photocurrent opposite in I 

direction to the norniÄl steady state current. i 

The derivation of the junction transient current is f 

given by Brown, van Lint, Caldwell, Keister, Wirth, et al 1 
I 

(references 19,. 20, 21, 22, and 25). The transient primary | 
i 

photocurrent response of a reverse biased diode (assuming \ 

that the contacts are greater than several diffusion lengths ■ 

from the junction) to a burst of ionizing radiation has been 

shown to be given by 

SP^ 
= qAg^Wt + '/DnTn erf ^t/Tn + ^DpTp erf '/t7Tr)u(t) 

" (Wt + '^X erf ^V^ + 

75^ erf V(t-to)/Tp )u (t-to)] (47) 

where 

i (t) = radiation induced primary photocurrent in amperes 
irr 

q = the electron charge = 1.6 x 10" " coulombs 

2 A = junction area in cm 

g = electron-hole pair generation rate = pairs/ 
3 sec-cnr 
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W. = depletion layer width in cm 

D = diffusion constant for minority electron in 
2 the p-type material = cm /microseconds 

D = diffusion constant for minority holes in the 
P 2 

n-type material = cm /microseconds 

T = lifetime in microseconds for the minority n J 

carrier electrons in the p-material 

T = lifetime in microseconds for the minority 
P 

u(t) and 

carrier holes in the n-material 

u^ ~ o' ~ unit step function turned on at t=0 and 

t=t , respectively 

x 
2 r -x 

erf x = -^- \ e x dx 

In Appendix II it is shown that the width of the 

depletion region is a function of the bias voltage 

(references 24 and 25)• Thus, the primary photocurrent 

consists of the following two components:  (l) a 

diffusion component that is contributed to by 

the p and n regions? and (2) a drift 

component that is contributed to by the depletion layer. 

The primary photocurrent prior to breakdown has been usual- 

ly considered as a current generator connected across the 

junction as shown in figure 16. Figure 17 shows a 

typical response to be expected for various approximations 

of Wt, L , and Ln. 

The behavior of i  as a function of voltage will depend 
PP 

on the relative size of the depletion te diffusion component. 
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Figure 16.  Simulation of Primary Photocurrent 
in a p-n Junction 

Normally avalanche diodes are made from material in 

which the doping on one side of the junction is much higher 

than the doping on the other side.  If a p+n diode is 

chosen, then most of the primary photocurrent that flows is 

due to the holes in the n-material diffusing 

to the junction and being swept across.  This type of 

doping also ensures that the diffusion length in the 

n-material is much longer than that in the p+ material. 

Since the L„ is much greater than L , then equation (4?) 

can be simplified to 
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a) RADiATlON PULSE 

d) W  IS MUCH LARGER 

Figure 17.  Typical Transient Radiation Response of a 
p-n Diode for Various Values of L , L and W,. r p'  n     t 

be 



i     (t)  = qAg[(wt + L    erf ftPT) u{t) 

-   (Wt + L    erf V(t-to}/T   ) u{t-t0>] (^8) 

where L - JDT    = minority carrier diffusion length in 
P    P P 

the n-material. 

From the previous discussion on avalanche breakdown, 

it can be seen that the primary photocurrent should be in 

reality modified by the mulciplication factor and be 

given by 

S 

-*S 

i  (t) = Mi  (t) ppv      ppv (49) 

At low voltages, M is close to one, and any increase 

because of multiplication would be small.  But as the 

reverse voltage across the diode approaches the breakdown 

voltage, the deviation starts increasing. Therefore, a 

response of peak multiplied photocurrent i  versus 

voltage up to about the breakdown voltage would be 

expected to behave somewhat as shown in figure 18. 

M as a function of the reverse voltage can be 

obtained from figure 18. That is, the multiplication is 

given by 

M = 

W (50) 
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or 

i . i = ill) 
n' 

(51) 

Taking the logs of both sides, the equation can be put 

in the form 

log (1 - |) = n' log Vj - n' log VB (52) 

This indicates that the M evaluated from figure 18 and 

plotted as log (l - ^) versus log Vjwould result in a 

straight line.  The slope cf this line should be n'. At 

breakdown M goes to infinity, so that 1 - « equals 1, and 

V^equals VB.  Thus, at the intercept of log (l - ^) equals 

log 1, V can be evaluated. 
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Once the device is operating n its avalanche region, 

the problem of analysis changes cos&Ietely. From a stand- 

point of circuit analysis, it appears ss a first approxima- 

tion that the reverse biased diode could be represented 

under radiation as shown in figure 19• The diffusion 

capacitance, depletion capacitance,, and the diode body 

resistance have been presently neglected. Assuming an ideal 

voltage supply, the input voltage supply and the breakdown 

voltage (transient will be super-imposed upon steady state 

value) can be neglected for a transient analysis. With this | 

simplification, the equivalent circuit would look like 

figure 20. When the diode is slightly reverse biased, the 

shunt resistance is quite large (several hundred megohms) 

and the primary photocurrent acts like a constant current 

generator (i.e., the current flowing through R can be ne- 

glected as long as R_ » R^).  But as the diode gets into 

avalanche, the resistance decreases quite rapidly. There- 

fore, i  will divide between R^ and R inversely propor- 

tional to their resistance.  But if the current through R 

increases, R will decrease.  This will again tend to in- 

crease the amount of current- that is divided to R . In 

other words, the inherent characteristics of the device 

are providing a built-in feedback mechanism that is tending 

to keep the voltage across the device constant even though 

the current is changing.  Thus, the device would seem to 

be radiation tolerant as a voltage regulator. Therefore, a 
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smaller response across FL. would be expected, once the 

device is in avalanche. This response would tend to 

decrease as the device is driven harder and harder into 

avalanche. The exact models under radiation will be 

discussed in a later section. 

Transient effects have been observed that were not due 

to bulk effect, but due to surface effects- The ionizing 

radiation interacts with the encapsulated gas to produce 

gas ions. These ions apparently collect on the surface of 

the reverse-biased junction which tend to neutralize the 

electric field and at the same time produce an inversion 

layer. However, evacuation and passive coating on the 

device surface will help to decrease significantly the 

magnitude of this effect. 

b. Effect of Ionizing Radiation on a Transistor 

Consider an n-p-n transistor connected in the open base 

configuration and biased as shown in figure 21.    When the 

transistor is irradiated by a short pulse of ionizing radia- 

tion, electron-hole pai,s are created uniformly throughout the 

volume.  Just as before in the case of the diode, the radia- 

tion generated electrons and holes will drift across the 

junction and diffuse to the junction. This will result 

again in a prompt photocurrent component from the transition 

region and a delayed component from the diffusion of 

minority carriers from one region to another. With an n-p-n 

transistor ^ 2 electrons in the base will diffuse to the 
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Figure 21. Open Base Transistor Under Irradiation 

colleetor-base junction, and they will be collected as a 

component of the delayed photocurrent.       ^ 

In the absence of these electrons, the holes left 

behind form am excess positive charge in the base. At the 

same time the electrons are diffusing from the base, the 

holes are diffusing from the collector to the collector-base 

junction, then they are swept into the base region. These 

holes will further increase the excess positive charge in 

the base. The excess majority carriers (holes) in the base 

will increase the forward bias of the emitter-base junction^ 

which causes more electrons from the emitter to flow into the 

base.  The electron current entering the base from the emitter 

is determined by the current gain of the device as well as 

the radiation-induced charge in the base. This results in a 

transient collector current (secondary photocurrent) in 
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addition to the collector component of the primary photo- f 

current. These injected minority carriers (electrons from 

the emitter into the base) will continue to diffuse to the 

collector-base junction and drift across the junction as | 

long as an excess positive charge remains stored in the 

base region (references 19 and 22). | 
f 

From the above it xs seen that the photocurrent | 
S 

consists of the following contributions:  (l) a % 
"i 

depletion layer component contributed by the emitter- i 

base and collector-base junction, and (2) a diffusion I 

component contributed by the emitter, base, and collector | 
i 

regions. f 
4 

In olanar and mesa transistors most of the primary | 

photocurrent usually originates in the collector region j 

(reference 26). The collector diffusion length, L , is much 

greater than the base width and the depletion width. This 

means that the number of holes available from the diffusion 

of holes from the collector to base is much greater than the 

diffusion of electrons from the base to collector. Thus, 

after the temination of the radiation pulse, holes gener- 

ated in the collector region within one diffusion length 

of the junccion will diffuse into the base. The charge 

accumulated in the base due t^ diffusion of carriers from 

the collector will therefore not reach a maximum until appro: 

imately a time equal to one to t.,'o times the lifetime of 

minority carrier in the collector (T ). 
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3-  Permanent Effects 

When sensdconductors are exposed to neutrons, they can under- 

go permanent damage to their electrical characteristics. 

Such damage is the lesult of neutrons having energies ahove 

several hundred electron volts cacsing lattice displacements 

or Interstitial-vacancy pairs. The magnit-auc cf the dlect 

is dependent on the energy of the incident neutrons. These 

defects are created when an atom is knocked from its normal 

position in the semiconductor material and leaves a vacancy 

in the lattice. The atom usually comes to rest in a position 

out. of the lattice structure a short distance from the 

vacated site and is known as an interstitial atonu A primary 

recoiling atom from a neutron collision may have sufficient 

energy to cause a large number of secondary displacements in 

traveling througt the crystal. The energy transferred to a 

lattice atom has a wide range of values dependent on the 

neutron scattering angle. Therefore, the actual number of 

secondary displacements will have a varying range. However, 

in each displaceicent a pair is created: a vacancy site and 

an interstitial atom. This pair is referred to as a Frenkel 

Defect. Other effects such as thermal spikes and transmuta- 

tion of the crystal atoms have a higher order effect on the 

semiconductor electrical characteristics and are negligible 

in this scudy (reference 15)• 

The vacancies and intarstitials give rise to new energy 

levels in the forbidden energy gap of the crystal which act 

64 



K^SWRSS" 

I 

I 

as recorabination centers to reduce the lifetime of minority 

carriers. The increase in recombination centers is propor- 

tional to the integrated neutron flux and inversely propor- 

tional to the minority carrier lifetime. 

The defects introduced are located near the center of 

the energy gap, and the Fermi level is between the energy 

level introduced and the energy band which contains the 

majority carriers (conduction band in n-type and valence 

band in p-type semiconductor). These defects can also act 

as trapping center for the majority carrier. For example, 

in an n-type crystal, the trapping centers are below the 

Fermi level, and therefore would have a higher probability 

of occupancy by electrons rather than holes. The trapping 

of these electrons would tend to decrease the effective 

doping concentration and would result in a decrease in the 

crystal conductivity. 

There are other effects (such as an increase in the 

scattering of free carriers which tends to decrease carrier 

mobility), but these effects have been found to have 

negligible influence on semiconductor's electrical character- 

istics compared to increase in recombination and trapping. 

In essence, neutrons mainly tend to degrade the electrical 

characteristics by two different mechanisms. 
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1.    Introducing recoinbination centers reduces the life- 

time r Of minority carriers according to the relationship 

T  To   T (53) 

or 

T s 1+T K^i 
O T (54) 

where 

9 = fast neutron fluence 

T = carrier lifetime before irradiation (f = 0) 

K - lifetime damage constant, which is dependent on 

such things as device material, doping, temperature, 

energy spectrum of the incident fluxes, etc. 

In essence, equations (53) or (5^) say that recoinbination 

centers sure added linearly with § (assuming the Fermi level 

is not altered appreciably by xrradiation and the capture 

cross sections of the recoinbination centers do not change) . 

2. The defects act to decrease the crystal conductivity 

a. by introducing trapping centers for the majority carriers 

as described approximately by 

AN. 
a. = qu.(N. - xr^ $) (55) 
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where 

q - electronic charge = 1.6 x 10" " coulomb 

u. = carrier mobility 

N. =s majority carrier concentration 

AN, 
-rr- « carrier removal rate 

i = n or p 

Equation (55) implies that the crystal becomes 

intrinsic as the integrated neutron flux increases, and 

that the carrier removal varies with the number of carriers 

left to trap. Otherwise, the equation would suggest that 

the eondtsetivity-J^'jJA^educe to zero and then become 

negative. Previous experimental evidence has indicated 

that as the number of majority carriers approaches the I 
3 

intrinsic concentration, the carrier removal rate | 
I 

approaches zero. 

It must again be emphasized that even though many 

things are known about the defect mechanism, accurate pre- | 

diction of the effects of neutron degradation is still •; 

difficult. This is mainly because such factors as device 

material, device structure, device operating condition, 

doping levels of the semiconductor, device encapsulation, 

oxygen concentration of the device, defect density of the 

device, environmental temperature, uncertainties in dosim- 

etry, and energy spectrum of the incident particles may 
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cause differences large enough to cause large variation in 

the test results. 

a, Oegradation of Diodes 

Experimentally it has been found that with a constant 

current applied, the forward voltage of a diode will 

generally increase with neutron fluence. This result can 

be explained by assuming that the universal diode equation 

is a good approximation for the current-voltage relation 

and examining its behavior under neutron radiation. The 

general expression for the forward current x in a diode in 

which minority carrier injection is n>uch less than the 

density of majority carriers is given by 

x .  ^_p + _p][e J .{] = qAPn(.E)   (e 3  -i) (56) 
n    p P 

for a p+n  diode where V. is the junction voltage. The 

junction voltage V. is equal to the externally applied voltage 

V minus the potential drop across the light doped n-region, 

Vjj, where 

¥rt .IBs .i^J^/i^v -V. A  \Nny   e   D i " AKi " FÄ ~ qS7 \V " ^    D (57) 

where 

R« = resistance of lightly doped region 

L = length of lightly doped region (rv-region in this 
case) 

a = conductivity of n-region ~ ^„Np 
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Equation (56) indicates that if the lifetime decreases, 

the junction voltage must decrease for constant current. 

However, equation (57) indicates that if the majority 

carriers are removed by trapping (conductivity decreased), 

then Vji will increase. If the current is to remain 

constant as V, increases, this means that V will have to * e 

increase. However, the change due to the minority carrier 

lifetime effects will predominate at low flux level where 

we do not see any conductivity modulation. At a higher 

exposure level where we see a conductivity change, the 

conductivity modulation will usually rapidly suppress the ef- 

fect because of the lifetime changes. This fact can be seen 

by observing that the diode current varies as the inverse 

of the square root of the minority carrier lifetime and 

exponentially with V^. The exact extent to which the forward 

voltage of a diode for a constant current will change with 

neutron exposure depends mainly on the initial impurity 

concentrations, device structure, fabrication techniques, 

the level of current injection, the widths of the p and  n 

region, lifetime damage constant, carrier removal rate, etc. 

Then, the dominant effect in most rectifiers is the increase 

in series resistance due to the removal of majority carriers 

from the conduction process in the lightly doped material. 

In a reverse biased condition, the reverse leakage 

shows an increase with device exposure. Equation (56) only 

gives the reverse-diffusion-saturation current 
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i qf>p  (-^)  j, which would tend to increase as r  decreased. 
n Tp 

However, in reality, the reverse leakage current deviates 

from the universal diode equation by a carrier generation 

current and surface leakage current components. The 

carrier generation component can be approximated by 

1/2 

rg    \2T /   T (58J 

for a p+n alloy diode where W. is width of the transition 
t 

region and n. is intrinsic carrier density concentration. 

In silicon this current is larger than the diffusion current, 

but in germanium the carrier generation current is less than 

the diffusion current. The surface leakage current component 

is dependant on such things as surface condition, the 

presence of surface charge, surface area, and surface re- 

combination; therefore, it is not easy to calculate.  In 

many silicon diodes, this component will dominate over the 

other two components, but if the diode surfaces have been 

passivated, the bulk current will dominate over the surface 
* 
I leakage. 
i 

! The reverse breakdown voltage shows a tendency to 
i 
I laersase v.'ith incrsssing neutron exposure. The amount of 

increase depends on the doping concentration of the 

5 material, but for a p+n avalanche junction the breakdown 
i 

\ voltage is mainly dependent on the conductivity or doping 

concentration of the n-region. The effect of conductivity 
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modulation will depend mainly on the initial doping 

concentration, the carrier removal rate, and the 

integrated neutron flux. 

One normally does not worry about the breakdown voltage 

when using a diode as a rectifier in a neutron environment 

because the breakdown voltage will tend to increase with 

radiation due to carrier removal. In this study we will 

observe its behavior, as it is one of the main factors that 

influence the operation of avalanche devices. By using 

breakdown voltage versus impurity concentration and carrier 

removal data published in the literature, we can make a rough 

prediction of the neutron exposure required to show any 

degradation in the breakdown voltage. Figure 22 shows the 

avalanche breakdown voltage versus impurity concentration 

in a p+n silicon junction. Assuming that two to four 

carriers eure removed per neutron/cm (removal rates depend 

on dopant types, doping levels, fabrication processes, 

temperature of measurement, etc.), it can be shown that 

neutron exposure in excess of about 1 x 10 ^ neutron/cm 

Is required to show a change of ten percent in the 

breakdown voltage for 100-volt Zener diodes or less. 

Experimental results have been obtained which show that 

the breakdown voltage may change slightly in directions 

opposite to t.iDse indicated above. 
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tration on the Lightly Doped Side of a 
Silicon Step Junction (References 3, 6 and 8) 

Since the depletion capacitance of a p+n alloy junction 

is proportional to the square root of the donor concentration 

in the n-region, N , for a fixed voltage, it would be 

generally expected for the depletion capacitance to decrease 

as Nn decreases because of exposure. However, no conclusive 

evidence is available to indicate the frequency response of 

the trapping defects (i.e., if defect sites can contribute 

to capacitance at different frequencies), and no genera:, 

trends in depletion capacitance have been indicated.  The 

switching time is directly dependent on minority-carrier 

lifetime, and it will be expected to decrease with radiation. 
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b. Degradation of Transistors 

Degradation observations in transistors have been 

related to bulk and surface effects. The bulk effect is 

tha predominant effect and is caused mainly by a decrease in 

current gain (i.e., current-gain reduction limits useful- 

ness of device usually long before majority carrier degrada- 

tion effects are seen). Some of the other bulk effects 

that have been observed are changes in junction depletion 

capacitance, breakdown voltages, saturation voltage, punch- 

through voltage, base-spreading resistance, collector-body 

resistance, leakage current, switching time, storage time, 

turn-off time, and turn-on time. The degree to which the 

above changes affect the device depends on the device 

structure or fabrication and application. Generallyt a 

device that has a thin base, hiyh cutoff frequency, and 

small junction area will be more radiation resistant. 

A general expression used to estimate the degradation 

in the common-emitter-current gain is given by (reference 13) 
I 
I 

I h":. 1.Q0 (Yr)''+ a$ 

f 

r 

i + 
t ' (59) 

where 

j8, = gain at some fast-neutron fluence 

I jS = initial gain 

= fast-neutron fluence 
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lifetime damage constant 

gain-bandwidth product frequency or the frequency 

at which the magnitude of ß is unity ^ f t (base 

transport cutoff frequency) 

a = 
1.00 ß K 

O T 
2irf 

The above expression, shows that i/ßx is a linear 

function of i.    However, the extent to which the above 

approximation holds depends on base width, base conductivity 

and type, uniformity of base resistivity, certainty of K 
T 

-ft -fi 
(experimental data for K vary from about H  x 10~ to 2 x 10 

7 —ft —ft    "? 
n/cro -sec for silicon and 1 x 10~  to 6 x 10"  n/cm -sec for 

germanium, depending on base type), whether the device was 

biased while radiated or not, surface effects, emitter 

efficiency, surface recombination velocity, conductivity 

modulation, recombination in the base region, etc. Frank 

and Larin have experimentally confirmed that In the current 

range where carrier recombinations in the base region are 

the major cause of gain degradation that (reference 15) 

l/ß$ * l/ß0 + t KT § (60) 

where t is the mean base transit time. Therefore, the 

change in reciprocal gain because of neutron radiation is 

A(l/ß) s t K A$ 
T 

(61) 
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Easley did some of the initial work on degradation of 

», and a meaningful expression derived from his work f^rr:  the 

common-base current gain (reference 13) is 

0.61KT I 
or = a  - —   $ I 
f   0  ^ (62) t 

k 

I 
where fa  is the alpha cutoff frequency of the transistor. 

The above linesuc dependence of a,  on # has been sh-xm to be | 

a good approximation for silicon transistors, but it is not 

as good for germanium transistors. Equation (62) indicates 

that devices with high alpha cutoff frequency are more 

radiation resistant. Such devices are usually the type of 

transistors used in avalanche design. I 

Two of the important parameters in avalanche circuitry I 

are the collector-base-breakdown voltage BV   and the % 

collector-emitter-breakdown voltage BV,,^. The breakdown 

voltage of any junction was discussed in subsection 5-a« 

The BV__,„ or sustaining voltage was discussed in Section II I 
CEO 

and it was approximately related to gain ß of the transistor 

by 

BVcEo = 
BV
CBO ^+I)"1/n, (63) 

The above empirical equations suggest that one should 

be able to predict the behavior of BVCE0 by doing pre- and 

post-testing.  Pre-testing means electrical testing of the '') 

device prior to any irradiation, and post-testing means 
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eiactrical testing of the device after exposure to nuclear 

raäiation. Aisuaiing that n' stays constant, equation 

(^■5) iMicates that &JCEQ  should increase with neutron fluence, 

provided irradiation is sufficient to cause sxgnifleant 

changes in doping concentrations aad ß  degradation. 
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SECTION IV 

EXPERIMENTAL AND THEORETICAL EFFECTS OF AVALANCHE 
DIODES DURING IONIZING IRRADIATION 

1.  Instrumentation and Equipment 

An important parameter for the avalanche diode, which 

has to be experimentally measured, is the radiation induced 

transient photocurrents Mi (t). These resulting currents, 
PP 

which vary as a function of time, have peak magnitudes 

which depend on the radiation level and the value of the 

diode voltage, V-. 

Experimentally, tests were made on the different 

avalanche diodes with the dose and dose rate held constant 

for each transient pulse of radiation, while VD was varied 

over a range of reverse bias voltages. From the resulting 

current pulses, the peak values of Mi (t) were obtained 

as a function of the diode reverse voltage, Vn- 

All the irradiation tests were made using the KAFB 

2-Mev flash X-ray machine. The instrumentation setup 

used was that shown in figure 25• As preliminary tests 

indicated that the test circuit time constants had to 

be kept small compared to the diode response risetirae, 

the value for the resistor R-, was made $1 tl.    A Keithley 

110, zero decibel  gain amplifier was used to drive the 

coaxial cable going to the oscilloscope.  If additional 

amplification was required, a Keithley 109/ 10X amplifier 

was inserted after the cable driver amplifier.  Everything, 
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Figure 23. Avalanche Diode Photocurrent Test Circuit 

with the exception of the diode under test, was shielded 

from the incident radiation by at least four inches of lead. 

The Tektronix 517 oscilloscope input was matched for a 51 n 

cable input/ and a calibrated variable attenuator was added 

to the vertical input. The test equipment and test sample 

were enclosed in a double-walled rf shield room. Inside 

tnis screen room the rf noise is reduced by 120 db. 

2.  Experimental Results on Avalanche Diodes 

The diodes used in these tests were Continental Device 

Corporation high performance 400-milliwatt silicon voltage 

regulators. The devices exhibit a very low leakage current 

which assures the "hardness" of the reverse characteristics 
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and a miawmum of surface effects. Only diodes that exhib- 

ited essentially an avalanche characteristic wer© used in 

these tests. This required using diodes with breakdown 

voltages greater than 7 volts. 

The diodes were of alloy construction made from an 

n-silicon wafer that was phosphorous doped to provide 

correct doping foe a specified breakdown. The p-material 

was obtained by alloying an aluminum button into the n- 

wafer. This provided a p+n step junction. The devices 

were not gold doped. 

Using the circuit shown in figure 23» the Vcc voltage 

was varied in steps from 0 to some value above V_, and  the o 

primary photocurrent was measured at each voltage step. 

The voltage above V_ was limited to a value such that the 

power rating of the device was not exceeded. 

Typical plots of the resulting transient induced 

photocurrent are shown in figure 24 for the 1N5516 diode at 

various values of Vcc, These data were taken at a dose rate 
q 

of about 2 x ICr R/sec. At low voltages, the device decay 

response behaved close to the theoretical prediction 

presented in Section III. However, for diode voltages above 

the avalanche breakdown, the device radiation response decay 

increased. This behavior was shown (see appendix l) to be 

related to the electric field developed by the voltage drop 

across the lightly doped n-region as the diode currents 

became large after avalanche breakdown. From 

79 

Kmms'sm&ästgfä 



I 
I 

It i 

(A 
W 
VM 

o 
> 
o • 

M CM 
M <W ■A 
4J «- « 1 — o — O 
o > O CJ 
> 

o 
;• > 

o • o 1 • o • 
f. — IA \ 
i 1 1 \ 
w o U 
o tj o 

> > > > 

o 
o 
o 

o 
o 

o 
o 

U 
(D 
a 

o 
o o\ 
r*. O 

r-l 

o 0>J 

o 
4J 

in (0 
T» 
r 4J 
O c 
u 0) 

o o 
M o in 

IA O Ul 
c U 
m Ü 
c 4J 

Ü 
*J Ä 

o cu 
o 
•a- 

in 

3 
o 
o 
CO 

CN 

u 
o 3 
o ^ 
CM •r( 

(S oo CM 

(em)    i 

80 



i 
•jo^^rf^^j^^,^^^ i ■MfBxgfmgf^K^^-'» • 

< H 

Figure 25. Peak Photocurrent versus Vcc and Vn for the 

IN5516 

figure 24, the peak value of the photocurrent as a function 

of the diode voltage V- was obtained. The resulting plot 

of peak l(t) (current observed in the circuit) versus the 

diode voltage, VD (see figure 23) and the battery voltage, 

V--, is shown in figure 25- 

As discussed earlier, the primary photocurrent under 

avalanche multiplication, i (t), can be expressed as 
trhr 

i (t) = Mi (t) 
PP      PP (64) 

where i (t) is the normal primary photocurrent without 

multiplication. Since at low voltages M is" one, i (t) 

behavior as a function of voltage can be determined. The 
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change iü  iDD(t) a^ a function of voltage V- is attributed 

to both depletion and diffusion components. For low break- 

down diodes, the change in photocurrent with voltage may 

| be so small as to be indiscernible. By 

calculating from figure 23 the ratios of the peaks of i 

to iD . one can determine M at various voltages up to about 

V«. The multiplication factor M has previously been given 

as 

"—v-^ 
'-^ (65) 

which can also be expressed as 

M  VB (66) 

If one now plots log {i - ü) versus log (v), one cam approx- 

imately obtain a straight line plot up to VD with a slope 

equal to n1. The face that this plot results in a straight 
! 
j |       line tends to verify the fact that avalanche multiplica- 

1 
tion xs occurring. Prom the point at which 1 - ry = 1 

(i.e., M « •) one can obtain the value of V needed to 
a 

satisfy equation (66). It should be noted that due to 

possible experimental errors« not all the points lay on 

this straight line. The value of VQ obtained by this o 

method is usually larger than the value obtained by the 

dc method in Appendix II. 

82 



I 
'■'^Sim^^^r^^. 

r^ v»^-"'«ssoRtj^^i^K^.iip 

TABLE  I 

BREAKDOWN VOLT/\GE DATA 

I 

Device No. f         n- V (radiation) VB(dc) 
Volts V51ts 

1N5516-1 1.43 8.6 7-75 
1N3516-2 1.56 8.4 7.89 
1N3518-6 2.5? 

2.24 
9-75 9.78 

1 IN3518-7 9.6 10.39 
1N3526-11 2.52 22.4 21.78 
1N3526-12 2.0 21.5 21.01 
1N3534-16 2.83 49.5 47.76 
CD3171-21 
CD3lt4-22 

4.31 59.0 57.3 
3.25 85.5 82.^  1 

The values obtained from the experimental radiation 

results are tabulated in table I. It will be noted that 

the tabulated values cf VB do not agree closely with those 

obtained by dc measurements. It was also observed that, 

in the plot of log (l - ^) versus log VDf the resulting 

points fell below the theoretically predicted straight line 

values as VD approached V . This accounts for the discrep- 

ancy between the graphically obtained value for V_ and the 

dc value of Vg. The reason that the plotted points fell 

below the straight line relationships is that as V_ 

approaches VB# the multiplication factor behaves as 

V 
TT = m(l - rj-) where m is an empirical constant (reference 27) 

B 
Plotting the experimental data using this new expression for 

M results in linear plots as VD approaches V as shown in 

figure 26. 

When VD exceeded Vg, the peak values of the photocurrent 

began to decrease. This phenomenon is due to the inherent 

reduction of the internal shunting resistance of the diode 
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operating in the avalanche region. This result is 

analogous to the usual behavior of a diode voltage 

regulator. 

As previously discussed (see equation 21),  we 

defined the leakage current as 

I = '"co = 
CO 

B (6T) 

where I _ is the dc diode leakage current at low voltage 

levels. As vD approaches V , M can be redefined as 

i = m(l - ^) 
(68) 

where m is an empirical constant. With this new 

definition of M, equation (67) becomes with the use of 

figure 25 

I = 
I» 
CO ^o 

1-^ 
Vrr-IR 

{     VB  , 
(69) 

CO 
where I'0 = —=—>   R is the total series circuit resistance 

(this includes IL_ and the diode bulk and ohmic resistance, 

r, ) and V  is the external source voltage. Equation (69) 

can then be put in the form 

■Si 

5* 

V -V        I1 V 
I2 + (\^) i - -^ = o (70) 
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I 

'■     t The physically correct solutioa to this quadratic equation 

is 

T  -     CC    B     .     rcc ¥B\     -   XCOVB | 
i 25-- + v'V--2r~; 

+ "~a^ (71) j 

I 
Similarly, we can define 1° as the peak value of tot?* 

current obtained when we subject the device to ionizing radia- 

tion. I' would then be the sm&  of the normal dc current 

multiplied by avalanche and the peak value of the avalariche 

multiplied photocurrent i*p. I* can then be expressed as 

I* I" 
• »  ci   _    A Cl 

VB    1  ^ vB ; (T2) 

« Ico + Pea3c 0^ ^ 
%jhere I*, = — —^ . The physically correct 

solution to this equation is 

I V -v       Lv    -V ^    I V 
I T. - CC VB  .    //VCC B\      ,   AC1 B 
t I - ~TR— +  A—2Ä~-i + "~R~ (75) 

|       Subtracting I fro® 1% th® peak value of the avalanche nmlti- 

I       plied photoctirrent observed in the external circuit is given by 

r 

r _ rcc"vB^, WB    iv--vBN'  ^o^ 
App ~ V\^2R /     E   ~ V\"- 2R /   ""¥"" (74) 

Using tj^ieal circuit and device parasaeters, a plot 
** 

of I  as a function of V-« is shown in figure 27- Sfote pp CC s 

that the resulting shape of this curve is extremely close 
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Figure 28. Equivalent Circuit of a Reverse Bias 
Avalanche Diode Prior to Breakdown 
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:|:.   - So-jVl'-Bipti^i^^'"jg^glg:-af Jtolaa^^;-Sjto^ea 

* 

| = ^dllowing air!^li£.i«sö ^soäelä.ware d^v^lop^d to «^Xam tfe^ ' 

| bahaviör-c£ '»^siaiiclia g^n allo^r dJLodaa ursäsje tfcasasieat 

I : ■    iouisiiif r4Äiatio» aM 'tmrnn*; biss äl« coaäitiwfes♦ . 
%        ■-■■, ■    .' ".   ': ■;     , ■'/ ;- ■■■:■■'■■■■ ■  ,    ,     .;' 

'* figure -28 shaw»; tSii|- «^tii^al^afc-«ircait priöt* tö 'bx^^käsmt%- 

| where   r^/i^ tho.^tQ*®! äii,<«l@ bwllc iaö »px'«Misg rasistsace» 

1 R    is tt;«' diod® .ßhußt leakage s«£»ist4«5®»  ^ad C* is öjfe 
i .. ■  -' 
1 j«ac-ti©a üepXefeiön- c^pacitarsa,   iä^flÄcfeiB« fchc äepl&tiori 
i :. • •-v: ■ ;. 

I tsspacitsnc®,: it cmt .& sh«Ma that the ©gfcsmal tra-ßsi«nt" 
1 ...;-■": ■..■■"" ■■.'" 

| current observed its the load resiistcrt E,,  is gives by 

I 

i« 

Mi At)p. . Ml  (t) 

s I» h       X g o !S 

I 
1        Usually before breakdown, R is much greater than r^ or 

SL , and the equation (75) -an be reduced to 

I(t) « Mipp(t)  . (76) 

This equivalent circuit implies that Mi (t)  is 

acting like a constant current generator. However., as 

the diode approaches and enters the avalanche region of 

operation, the relation that R » R and R » r, will no 
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longer hold chie tc the breakdown mechanism of the devise. 

An equivalent circuit in the avalanche region is shown 

in figure 29. whäre R has been replaced by the avalanche 
5 

Ml  (t) 

m 

3f 
A- 

Si 

it 

mom CÄTH0&E 

Figure 29. Eauival^nt Circuit of Avalanche Diode irv 
the Ereakdcrvn Region 

resistor, R...... This xe^istance is current sensitive and 

i:9.nds to docrease as the diodo «oltag® itxcreases. Again 

u&ing ^ Thevcnir?. equivalent-.. x(t) can be shcswn to equal 

lit) 
Mi (t) 

i +• \/Km + r
b/

R
ÄV (77) 

vhicli decreases as Ev,, decreases. As the diode is driven 

further into avalanche by increasing Vcc, R.^. tends to 

decrease wbich decreases s:(t). In essence, once the 

device is in th*? avalanche region, Mi (t) R, AV 

behaves  lire a voltage generator. 
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SECTION V 

EXPERIMSPTAL RESULTS AND HARDENING OF AVALANCHE TRANSISTOR 
TO IONIZING RADIATION 

1. Introduction to Avalanche Hardening 

The avalanche transistor without special design con- 

siderations is sensitive to irradiation by transient 

pulses of X rays. The predominat radiation effect is the 

switching of the transistor from the off state to the on 

state because of the induced transient priisary photo- 

currents. However, by using proper biasing and/or junction 

compensation, one can harden the avalanche transistor so 

it will not switch at various levels of radiation. This 

section will present the experimental and theoretical 

results of the effect of X rays on avalanche circuits and 

hardening ciriteria. 

2. Avalanche Transistor Pulse Generator 

Figure 30 shows the diagram of an avalanche transistor 

pulse generator. This circuit will trigger whenever the 

internal base to emitter voltage becomes large enough that 

the base emitter Junction becomes forward biased causing 

the emitter to inject carriers. In Addition, as discussed 

in Section II, the pulse generator will also fire under 

certain conditions because of an increase in the collector 

to emitter voltage, \r,,E. 
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Figure 30. Avalanche Transistor Pulse Generator 
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Figure Jl.    Cutoff Mode Equivalent Circuit 
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I Figure 51 shows an approximate equivalent circuit of 

I the pulse generator for the cutoff mode. This equivalent 

1 

circuit, which includes the radiation effects, may be used 

for a steady state or quasi-steady state typo of analysis 

when the junction capacitances and stray capacitances 

are ignored. 

The circuit's equivalent components shown in 

figure 31 sure defined as follows: 

R_a = the input signal source equivalent output 

resistance 

rbb s t^e transistor base spreading and bulk 

resistance 

r. s the transistor collector bulk series s 

resistance 

r. ,  = the transistor base-emitter junction 

equivalent internal resistance 

!__, » transistor T, collector to base leakage current 

when the emitter to base junction is reverse 

biased 

D. -    the base emitter idealized diode 

VCp ■ the base emitter contact potential - 0.6 volt 

I ,  = the X-ray induced transient primary photocurrent 

produced in T, 

M,  = the ivalanche multiplication factor for 

transistor T,, or 
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M,  = 

V CE 

BV CBO 

n  = 

ß, M, 

■d 
VCE \n 

the collector to emitter voltage before firing 

the collector to base breakdown voltage with 

the emitter open 

an empirical constant 

M,Qr 1 o 
1 " Mlffo 

(reference equation 28) 
1-a 

h-   =  the low frequency collector-emitter 

forward current ratio 

The effect of transient gamma irradiation is accounted 

for by the M,I , idealized current generator. This 

transient current during irradiation tends to switch the 

pulse generator because of the resulting increase in the 

internal base to emitter voltage V ,„, When V s becomes 

greater than approximately V , the junction becomes 

forward biased and I. (see figure 31) is no longer zero. 

This causes the avalanche switching of T, to occur. 

Therefore, in order that the avalanche circuit does not 

switch during exposure to transient X rays, it is neces- 

sary that VCE does not increase significantly and that 

V-«,, is less than approximately the contact potential. 
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3«  Hardening Considerationa for Pulse Generator without 
üae of Junction CMspenaation Techniques 

When the pulse generator is subjected to a pulse of 

ionizing radiation, the VCE and V , magnitudes change. 

The resulting maximum peak change in the collector voltage 

(AVC) is negative and is given by 

(78) 
AVC « - R^Ip^ 

assuming that th? transistor does not switch. For the 

transistor in the cutoff mode, V0 is essentially zero, 

therefore,AV« is the resulting maximum peak change in V 

due to irradiation. This value will never be achieved 

unless the radiation pulse is much longer than the time 

required to reach this steady state value. That is, as 

long as the transistor is off, the charge line behaves as 

a capacitor and steady state will be reached in four time 

constants, ^^rj.  (^ere Cc_ is the charge line effective 

capacitance). The main point to be made here is to notice 

the direction of change of V-.  Since AVC is negative, the 

unit will not fire because of the change in Vc_ during 

irradiation. In fact.since 

M, 

\BV, 

n' 
'CE \ 
CBO (79) 

the value of M, should decrease during irradiation, and thus, 

slightly reduce the problem of possible switching of the 

transistor due to the increase of Valt, 
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The next consideration is the effect of the radiation- 

induced photocurrent on V ,„ as it is changing at the same 

time V__ is. Referring to figure 31« Ö*e peak value of 

V-.g during irradiation is 

VB'E = - VBB + «l^ppl + lCOlKh  + ^^Ol^ + «l^ppAe^B 

(80) 

where we have neglected the effect of the input coupling 

capacitor« as far as the transient pulse is concerned* 

Using the criterion for nonswitching that Vg.» < V— 

at all times yields the result that for radiation hardening 

one requires 

VBB > MlWrbb + V + MlWrbb + Rsel,RB^ " VCP  <8l ) 

Inspection of equation (81) shows that to make the 

avalanche transistor radiation hardened one should do the 

following: 

a. Make RB and R  as small as possible consistent 

with other design requirements, 

b. Select a transistor which has minimum I ., I_«, 
ppl  C01 

^ rbb' 

c. Minimize the value of M, to the extent possible by 

transistor selection and the establishment of the 

quiescent value of V „, but yet have the required 

output amplitude, 
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d. Make VBB large enough to ensure that 
v
BiE "^ vCp 

up to the maximm  level of radiation for which 

hardening is desired. This value of y_B may be 

determined experiment,ai.ly during irradiation or 

approximately calculated from equation (8l). 

However, practical limits on how large V__ can 
Do 

be made are imposed by the base to emitter 

junction breakdown voltage, the input trigger 

source voltage available, and the amount of 

power gain required. 

Application of the above criteria will result in con- 

siderable radiation hardening of avalanche transistor 

circuits in general. However, reducing R^ and increasing 

Von tends to cause an increase in the minimum allowable 

input trigger pulse voltage for proper switching. 

The experimental results of testing this circuit 

during irradiation were completely consistent with the 

theoretical hardening criteria developed in this section. 

Increasing VBB and decreasing B—  and R  resulted in 

increased radiation hardening of the avalanche pulse 

generator. It was found that finally the transient voltage 

developed across r,, and R was the limiting factor for 

preventing hardening by increasing V _. That is, the 
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transient voltage developed across r,^ and BL overcaase 

the reverse biased effects of V  and V , which caused 

the transistor to switch. However, increasing VBB to 

achieve increased radiation hardening is limited by the 

breakdown voltage of the emitter base junction and the 

amount of power gain required. 

The experimental results using the Motorola 2N2219 

in the test circuit as shown in figure 52 were that the 

circuit switched when V__ was -5 volts or above, but did 

not switch when V__ was lowered to ~4 volts or lower. 
DO 

This was at a radiation level of about 2 x ICr R/sec, as 

obtained at the KÄFB Field Emission 2~Mev flash X-ray 

system. Similar results were obtained using the TI 2N3035 

in place of the 2N2219. 

For certain severe practical applications, the 

requirement VBB » t^I^ {rbb + ^J^)   -  Vcp (neglect- 

ing leakage effects) may be impractical or impossible 

to achieve. Therefore, some other type of hardening 

that places very few or no limitations on V..,, must be 
00 

pursued to make the circuits' use more feasible. The 

next two subsections provide several means of doing this. 

* 
i 
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Figure 32.    Experimental Circuit used in Radiation 
Testing of the 2N2219 

Vln-H 
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Figure?   53.     C llect'-r to Base Diode Compensation 
Hardened  Circuit 
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4,  Collector to Base Diode Cca^ensation Hardeacd Circait 

The M,I , radiation induced current tends to forward 

bias the base emitter junction, and thun, switch the 

transistor at high radiation exposures. M,! , flowing 

through r. * 4- R  Rg causes a positive increase iß V_,_ 

which is of sufficient magnitude to trigger the transistor. 

If this increase of V ,_ due to H.I « could be decreased 

or cancelled in sosse fashion without affecting general 

operation of the unit, increased radiation hardening of 

the avalanche circuit would be achieved. 

One method of partially cancelling the effect of ^M^-ji 

is to add a back biased diode junction between the base 

and collector of transistor T. as shown in figure 53- This 

diode, T7, can be a diode per se or the collector to base 

junction of another avalanche transistor with the emitter 

connection open (or shorted to the collector to obtain 

increased primary photocurrent). The main requirement on 

T- is that its transient radiation induced photocurrent, 

M~I «, be of the correct magnitude and shape for optimum 

hardening. An approximate relationship between K^I « 

and other circuit parameters needed for hardening will be 

developed in this section. 

If it is assumed that T2 is an avalanche transistor 

or diode, then M- is defined the same as M-, «'?here the 
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appropriate voltages asad constants for T« 9xe used» 

It should he noted that it will be required that T^ have a 

sufficienriy large breakoovii voltage so that it does not 

also go ist;? avsianchs ureakdovn when T, switches. If T, 

axsd T0  wer^ sis^itss^oasiy to i»e ia avalanche breakdown, 

there is a possibility ^hat öie resulting current flow 

would destroy both fceanalstors, Also, to ensure that 

the ^2  äiode is never forward biased, it is necessary 

i that VD always be greater than V _ of T,. 

{ Figure 34 shows an approximate equivalent circuit 
I       . 
j which includes the collector base junction coopensation. 
i      • 
| The resistor r. is the total series spreading and bulk 
i ■ 
{ resistance for diode T* and ftj^col is ifcl3 a'i8&ciate^ reverse 

leakage current.    It is assumed that the transistor 1,  is 
I 

sufficiently cut off to neglect any Msitter current leakage 
3 

I while in the off state. 

When the circuit is subjected to ionizing radiation, 

the approximate maximum peak pulse change in V.,« (assuming 

T-j does not switch) is 

I ^C = ^CS = ^2^2  '  Vppl) RC (82) 

Thus,  to ensure  J-hat T,  does not switch because of an 

increase ^n VCE,  it is required that 

Vppl a M2:[
PP2 (85) 
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Figure 34, Cutoff Mode Equivalent Circuit for Collector 
to Base Compensation 
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The requirement that VB,E be less than V for the 

hardenirsg of T. yields the approximate design hardening 

criteria 

VBB > MlWrbb + **  * MlIPpi
rrbb + ^K* 

Thus the general criteria for radiation hardening using 

collector to base junction compensation technique are given 

bäf equations (83) and (84). For many applications, a 

logical and adequate design approach would be to select 

Tjy Tj and the quiescent operating levels such that 

Using this relation as an assumed design criterion,: further 

simplification of equation (84) is possible. The result is 

VBB >  MlIpplrbb + MlWrbb + V - M2IC02RB - VCP 

(86) 

Typical values for rbb are 10 to 100 ohms, and MIC0 * 50 na. 

A typical value for M,! , is 20 ma. Thus, the dominant 

factor in equation (86) is MiJ0pi
r
bb-

v
Cp- 

The leakage 

current terms may be neglected for reasonably small values 
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of P . Using the above assumptions, the final approximate 

criteria for radiation hardening become 

V BB > Vpp^bb   ' VCP ** Vppl ' "ZW (87) 

Ho« much has been gained by the addition of the 

f        cancellation diode can be seen by comparing equation (8l) 

§        and equation (86). These equations sho*' that the requirements 

on V^ for hardening have been essentially reduced by 

t        approximatsly M,I ,R IJR^ volts by the addition of the 
| rr       '  1 ppl se ' B 
I 

cancellation diode. For many applications, this reduction 
fe 
I       will be significant and adequate. 
I 
i One disadvantage co the above described method of 

I 
|        hardening of avalanche transistor circuits is the require- 

|        ment that ^T£DCI • ^ol « and, additionally,that M^I - 

i       must never bä significantly greater than M,I , so that 
I 
i       T,. does not fire because of a Significant increase of 
i 
|       VCF' -^S21^ -or certain severe applications the requirement 

v I •»r>!V)"
vro' na^ ^e iapractical or ixapossible to 

For these applications, the addition (at 

the  ^Hector o.C 'S..)  of a forward biased clamping diode D 

with a voltage source (-W«) in series with ii to ground 

might be worthwhile. Thisi arrangement would essentially 

I        clisrAp the collector of T, at the +7- voltage source level. 

Thas, the desired ?% collector quiescent operating value is 

j        determineü by V-. The supply voltage Vcc is made some 

value greatc-r than vL,     If Vcc is made much greater than 

i 
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I V-jthla arrangement will increase the recovery time of the 
i *• 
1 
I pulse generator« as the charge line will be charging from a 

f I       higher Vcc voltage source. 

i From the standpoint of radiation hardening, the 

possibility exists that considerable improvement can be 

made by the addition of the clamping diode circuit. The 

diode clamp will prevent V-_ from increasing during irradia- 

!       tion and the requirement 14,1 . 2 M^I ? will no longer be 

j       needed. If ^I--? *■*  greater than M,! ,, the excess current 

I       is shorted to ground through the clamp diode, and therefore VCE 

|       cannot increase. Thus, the tricky problem of always ensuring 

It,! , as ^j1!,^ i8 avoided* In addition, deliberately 

making 1LJL    ^  greater than M1I , can be employed to assure 

that Vg'g is less than Vcp. 

j Recall that for hardening we required that 

J VBa > ^COl^Vt  + RB) + Vppl^ + ^e^) 
I 

- M2IC02RB - "2^2^^ " VCP ' (88)' 

A conservative criterion fox hardening would be to hav« 

j VBB + Vcp > M-l^Cr^ + Kj * M-^Cr^ + nj^) 

' Vcoi^ - i€2Ipp2RsJ'RB * 0 (89) 
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P 

Vppl      RS€LRB (90) 

M2IC02 a , , rbb 
Vcol     S (91) 

Under these conditions, the hardening criteria have reduced 

to V-- + Vc_ > 0. As Vc_ is nominally about 0.6 volt, it 

should be possible to safely eliminate the source voltage 

V  entirely (v., -  0) while still achieving high intensity 
ÜB BB 

transient ganuna radiation hardening. By proper selection 

of T,, T?, and the quiescent operating conditions it would 

appear possrble to s atiefy the conditions imposed by 

equations (QO} and (91). 

It is felt that the use of a collector to base cancella- 

tion diode combined with a clampina diode offers one of the I 
I 

better possibilities for avalanche circuits hardened to s 

extremely high transient radiation levels, | 

Experimentally it was shown that significant radiation * 

hardening is achieved by the use of the base to collector 

diode compensation technique.  Additionally, thes? circuits 

tested should not be considered as the ultimate in hardened J 

design, but rather as an indication of the feasibility of 

the design approach. The Motorola 2N2219 transistor was 

used for the active avalanche transistor in the test circuit 

as shov, . in figure 55, and a TI 1N499 was used for the 

compensation junction diod_p. 
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\]lf4 

50ft CHARGE LINE 

Pi^ura 55. Oollector to Base compensation circuit Used 
Fxperimentally to Harden Basic Avalanche 
Circuit 

The circuit as shown required about a 700-rov external 

pulse (fyoa a 50 Ü  source) for triggering without exposure 

to X e^'ft As the radiation induced compensation current 

(M^I M) from the IN499 is diode-voltage sensitive (due to 

depletion widening and avalanche multiplication), the radia- 

tion sensitivity level was a function of V . At a fixed 

radiation level, the circuit would fire due to radiation 

if VD was too small and would not fire if V was large 

enough to produce sufficient avalanche photocurrent (with- 

in the limitation of the IN499 reverse breakdown voltage). 

However, if MJ^DD? was ma<äe significantly greater than 
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.H,I , by increasing V-, the unit would f ii i because of the 

transient increase of V-«. This is as predicted by the 

theoretical models. 

Typical results when irradiated at about 7 ^ 10*^ R/sec 

were 

a. Unit switched for V s 150 volts. 

b. No switching for V_ = l80 volts. 

In these tests (when the units did not fire) the base to 

ground voltage was negative, indicating that MJI-QO was 

greater than M1I ,. Increased hardening would have been 

achieved by the inclusion of a V _ source, but this would 

have increased the required amplitude of the input trigger 

voltage, 

I Tests similar to the above were also performed on the 

i       2N3035 at the 7 x 10^ R/sec level. Satisfactory hardening 

I       was not achieved because of the apparently larger r,, of this 

I unit. This increased base resistance required a prohibitively 

large M«! 2 to cancel out the M.I irbb voltage drop. Hence 

there was no M?I ? level at which V ,_, could be made less 

than V  without increasing V _ sufficiently to trigger the 
Q 

unit. At a reduced radiation level, ~lCr R/sec, the circuit 

using the 2Nj50j55 could be hardened employing this technique. 

f       Tests were also made on this circuit utilizing a clamping diodo 

I       from the collector to ground.  The results did not indicate 
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significant improvement, irat it is felt that with careful 

adjustment of device and circuit parameters, hardening 

gains should be achievable. 

5-  Base to Ground Diode Compensation Hardened Circuit 

One additional method of using compensating back 

biased junctions to achieve transient radiation hardening 

of avalanche transistor circuits is of special interest. 

Consider the circuit in figure 56. A back biased diode, 

T?, has been added from the base of T, to ground. The 

action of this diode is quite similar to that for the 

cancellation diode from the collector to base of T,. 

CHARGE LINE 

EH) 

Figure 36. Base to Ground Diode Compensation Hardened 
Circuit 
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A siaplified equivalent circuit is shown in figure 57» 

Sote that the transient aaximuro peak change o£ the collector 

voltage given Isy 

AVC ^ mCE * - M^pp^ (92) 

±m  negative. Thus, there is no problens of possible firing 

of T, because of the increase of V-«, or any associated 

restriction on the ratio of I . to I -j« So, no clamping 

diode is needed in this circuit unless it is desired to 

increase the avalanche circuit recovery time. 

ha  far as the reouirenent that V-,- has to remain less 

than V™, this circuit is the mathematical equivalent of 

that for the collector to base compensation technique 

without the requirement that Mj^ 2 never be greater than 

M.I ,. The criteria established for nonfiring of T^ are 

VBB > MlWrbb + V + Vppl^bb + RseK) 

'  M2IC02RB - M2Ipp2RseilRB " VCP ^ 

Once again, if we make 

V^2 ^ l  + ^bb_    and {94) 
MlIppl      se 

M2IC02 ^ 1 + 
rbb 

^^Ol ^    h (95) 
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ASr^-V-^. , >; 

^s^-^.^^r1^«-^-""- -0 

f 

the hardening criteria has reduced to V«^ + VCJ> > 0. Thus, 

it should be possible to eliminate the source voltage U.» 

entirely, «hilt* still achieving high intensity, transient 

gaaasm radiation hardening. It is felt that, of the hardening 

techniques discussed, the use of a base to ground ccaapensa- 

tion junction offers the best possibility for avalanche 

circuits hardened to extreasely high transient radiation 

levels. As the above theoretical results indicated, even 

with Vgg « 0, it appears feasible to design an avalanche 

transistor circuit for very hi^i transient radiation envixon- 

roents. ^he experimental results confirmed this conclusion. 

the  test circuit for the base to ground cancellation 

technique is shown in figure 58,  A 2N5055 was the active 

Figure 58, Base to Ground Compensation 
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device and a 1N499 was the compensating diode.  Once again the 

compensation junction photocurrent was adjusted by varying 
Q 

V-j. Tests were first run at the 7 x ICr R/sec level and no 

problems were encountered in preventing firing using 

this compensation technique. As a side comment, it should be 

noted that previously, using the 2N3035 in the collector-base 

compensation technique, satisfactory radiation hardening was 
9 

net achievable above 10 /R sec. 

In all of the tests of circuits under irradiation previous- 

ly discussed, only the active transistor and compensation 

Csv^.ce -'«rs exposed to the radiation.  The passive components 

were all shielded.  However, in the next test the complete 

circuit was irradiated at approximately 4 x 10  R/sec, which is 

the highest radiation dose level available. The circuit did not 

fire at this extremely high radiation level.  Actually, the 

requirements on V were relaxed as compared to the lowsr 

radiation level. Apparently other unknown circuit phenomena 

were contributing to the hardening of the unit, but upon 

removing the compensating junction the device did switch during 

irradiation, as expected. 

It should be stated, once again, that these circuits 

tested under radiation were not the ultimate in hardeninc, 

design.  It should be possible, with additional design efforts, 

to achieve radiation-hardened avalanche circuits at even 

higher levels.  Evaluating both the theoretical derivations 

and the experimental results, it is concluded that the order 

of decreasing hardness is as follows. 
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1. Base to ground compenfdticn 

2. Base to collector with clamping diode 

3. Base to collector without clamping diode 

4. Just using V__.. 
Do 

6.  Methods o£ Obtaining Bias Voltages 

In the circuits analyzed in this section, numerous bias 

supply sources have been indicated as batteries. Also in 

some cases, up to four different "lattery" or voltage sources 

were symbolically indicated as being necGs-^^ry.  In most 

situations, to have this in^rvy pcw^: sources is either imprac- 

tical designwise or prohibitive in cost. 

Methods will now be shown whereby only one voltage source 

is required for biasing the circuits which have been discussed, 

For a circuit design which requires a V  source, a V 

bias source for collector to base diode compensation, a V' 
v.» 

source for a clamping diode, and the usual V'  source refer 

to figure 39-  Only one source voltage, V'., is required. 

The ground point is positive with respect to the negative of 

the supply.  If it is desired to have the power supply nega- 

tive at ground, merely change the bypass capacitors to the 

negative of the supply and shift the ground point.  R^ should 

be reasonably large in comparison to the other circuit 

resistance so that part of I  «is not shunted to ground 

through the power supply. 
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Similarly for ^he base tc ground coinpensätion diode 

circuit, a one voltaae source System is shown in fiqure 40. 

R... 

•"WV 

Figure 39- Circuit Employing Single Power Supply for 
Base to Collector Compensation Circuit 
with Collector Clamping Dioue 
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Figure  40.     Circuit Employing Single Power Supply  for 
Base to Ground Compensation Circuit with 
Collector Clamping Diode 
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SECTIOM VI 

F -PERIMENTAL RESULTS OF HEUTRON DEGRADATION ON 
AVALANCHE TRANSISTORS AND DIODES 

1.  Degradation of Avalanche Diodes 

Six different Continental Device Corporation high perfor- 

mance 400-milliwatt silicon voltage regulators were exposed at 

the Sandia Corporation Engineering Reactor (hole 8-s) from 

about 10 ^ neutron/cm2 to 10  neutron/cm2 (E >0.01 mev). 

Sulfur and nickel detectors (effective threshold E > 3 mev) 

were used to measure the integrated neutron flux incident on 

the samples. The measurements were converted to the plutonium 

threshold (E >0.01 mev) by using the conversion factor 

<p sulfur 
^pu   0.152  * 

The impurity concentration on the high resistivity side 

of the diodes can be obtained by using figure 22 and dc 

measurements of V«.  Once the impurity concentration is known, 

the resistivity can be determined from previous experimental 

graiphical data (reference 5)» T^6 results of this method are 

shown in table 11/ the accuracy is expected to be within 

± 20 percent. 

The data taken were in the form of pre- and post-neutron 

irradiation testing using a Fairchild 500 to obtain the desired 

test results on the diodes,  The parameters of interest for 

this series of tests were diode reverse voltage (vR) versus 

reverse or leakage current (lR). and forward voltage (V ) 

versus forward current (lp). 
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TABLE II 

IMPURITY ÄHD RESISTIVITY DATA 

Device No, 7^(volts) 
0 

ND(em"5) (p-cm) a(Q-cm)-1 

1N3>516 6.2 2.40xlOi7 
0.055 18.20 

iN35l8 10.0 1.45xl017 
0.073 13.70 

1N3526 22,0 4.00X1016 0.200 5.00 

1N3554 4T.0 lOxlO16 0.500 2.00 

CD5171 62.0 8.7XIO-5 0.630 1.59 
CD3174 82.0 5.7xl015 0.900 1.11 

From the above generated data as a function of neutron 

induced damageä we were able to observe carrier removal rates 

and minority carrier-lifetime effects in order to be able to 

predict the expected amount of degradation in the electrical 

characteristics of these diodes. The dominant effects were 

the decrease in minority carrier lifetime in the lightly 

doped region, the increase in series resistance because of 

removal of majority carriers from the conduction process in 

the lightly doped region, and an increase in V_. The measure- 

ments were made before irradiation at each of seven levels be- 

tween approximately 10 ^ nvt and 10  nvt.  Typical results of 

thsse measurements are summarized in figures 4l to 63. The 

abbreviation PT stands for post-test made using the Fairchild 

500 after neutron exposure. The levels of total accumulated 

neutron flux for PT-1, PT-2, PT-3, PT-4, PT-5, PT-6, and PT-7 

are, respectively, O.986O x 1015, 4.7560 x 1015, O.9316 x lO1^, 

4.008 x 1014, 0.8408 x 1015, 4.1378 x 1015, and 0.8612 x 10l6 

nvt using sulfur detectors. 

The following general trends in the data are observed: 

1.  In diodes IN3516, IN3518, and 1N3526, in which the 

doping level in the lightly doped material is greater than 
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4 x 10  cm"-7 (see table II), the minority-carrier-lifetime 

changes predominated (i.e., using discussion of Section III, 

equation (56) and the universal axode equation to indicate 

that if lifetime decreases, the junction voltage must 

decrease for constant current) up to highest exposure 

encountered in the forward biased condition. 

2. In diodes 1N5534, CC3171. and CD3174 (ND S 1.5 x 

10  cm-^) tha minority-carrier-lifetime changes predominated 

at low flux level where no conductivity modulation was prev- 

alent. At a higher exposure where we see a conductivity change, 

the conductivity modulation rapidly suppressed the effect due 

to the lifetime change. This is because the diode current 

varies inversely with the square root of the minority-carrier- 

lifetime and exponentially with carrier modulation. After a 

certain level of exposure, the diodes start to become intrin- 

sic due to carrier removal with the resultant loss of their 

rectification property. 

3. The diode can be approximately represented in the 

forward biased direction by a battery Vd(vd is intersection 

of extrapolation of straight line portion of I versus V_ 

curve on voltage axis with current equal to zexo)  and a 

series resistance r equal to the inverse slope of the 

current-voltage curve (see figure 4l). As indicated on these 

figures, V, tends to decrease with exposure.  All of the 

curves for a particular device appear to be fairly parallel 

over öome or all of the exposure levels.  This would seem 

to indicate that r is staying fairly constant at a 

particular operating current. 
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TABLE III 

TOTAL ACCUMULATED NEUTRON FLUX FOR EACH TEST 

Test Number nvt - nsutron/cm 

PT-1 

PT-2 

PT-5 
PT-4 

PT-5 

PT-6 
PT-7 

O.986O x 1015 

4.7560 x lO15 

0.9516 x 1014 

4,008 x IQ14 

0.84ü6 x lO15 

4.1573 x lO15 

0.8612 x lO16 

4. The reverse breakdown, Vg, generally showed a 

tendency to increase with neutron exposure. The amount of 

increase depended on the doping of the lightly doped n-region. 

A very rough maximum estimate of the change in breakdown 

voltage can be obtained by using carrier removal data and 

b/eakdown voltage versus impurity concentration data from pub- 

lished literature. Before irradiation one can measure V_ 
B 

electrically and then obtain doping concentration on the lightly 

doped side from figure 22. The doping concentration after 

irradiation can then be computed by using published carrier 

removal rates, which vary between about 2 and 4 carriers re- 

moved per neutron/cm . Using this post-calculated doping con- 

centration and figure 22, one can predict the V after exposure. 

5. The reverse leakage current (contributed mainly by the 

carrier-generation component in silicon) generally showed an 

increase with device exposure due to th-* decrease in minority 

carrier lifetime and an increase in the depletion width. 
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2«  Degradation of Avalanche Transistors 

Five each of Texas Instrument types 2113055« 2N5054, 

and 2N5055 were irradiated with the avalanche diodes in 

the neutron environment. These transistors wer '.  n-p-n 

epitaxial mesa silicon transistors designed for extremely 

high-speed, high-current, avalanche mode switching 

applications. The BV BO for the different units varied 

between approximately 50 aii^  160 volts, and the minimum 

output response was in the range of 20 to 45 volts for 

the circuit shown in figure 65« 

Delay time, t,, rise time, tr, peak output pulse 

amplitude, V , pulse shape, and the minimum input voltage 

required to trigger the circuit, V_, shown in figure 66, 

were determined before irradiation and after each irradia- 

tion. This was done by using a Hewlett-Packard sampling 

scope and recording the data on film by using a Polaroid 

camera. 

Pre- and post-testing of the following electrical 

parameters were also made using the Fairchild 500: 

1. V_ versus I , and V_, versus I  for both the 

base-emitter diode and collector-base diode. 

2. LVCE0 and LVCER(RBE = 50 0) at various levels 

of current from 10 ma to 199 ma' 

5. h, and h.  for the range of collector dc current -^   fe     le ^ 

from 10 u, a to 9 ma at V „ = 10 V. 

4. V-.o SAT for collector current varying from 10 p.a 

to 9 ma- 
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Figure 65.  Circuit Used for Observing Neutren Degradation 
of Avalanche Transistor Switchincj Characteristics 

1.5 volts 

Figure 66. Waveshapes observed :.n Circuit of Figure 65 
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Tl*? results for the transistor switching teats of 

t        t'?.gt»re 65 a^re given in tables IV, V. and VI.  The following 

general trend in the experimental data can be observed« 

I 1. V_ tends to decrease and then increase with 

I        total exposure. This can be related to the diode results 

I        in »hich minority-carrier-lifetime effects predominate at 

! j        low flux levels; at higher exposure levels the conductivity 

I I        modulation suppresses the effec*- because of the lifetime 
1 
I  ■     change. The exact extent to which the forward voltage of 

I a diode for at constant current will change with neutron 

I I exposure depends roainly on device structure,   fabrication 
I 
I       techniques, initial impurity concentrations, the width of 

I        the p- and n-regions, injection level, lifetime damage 

I        constant, carrier removal rate, temperature, neutron energy 

I       spectrum, etc. 

2. Vp generally increased with increasing neutron 

exposure. At low flux levels V, did not change much or at 

I        all due to the small percentage of carriers removed. 

I ^. The rise time, t , showed a decrease and the delay 

1 cime, t,, showed an increase with increasing neutron exposure, 
I 

The reason for the decrease in t can be explained by con- 

sidering how current builds up to move operation from points 

A to C of figure 9«  The input voltage causes an injection 

of a number of carriers, c, from the emitter into the base 
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which reach the collector depletion region after a transit 

time TV . The transit time T. is approximately equal to 

(w )~ where w = 2Trf_, the current gain-bandwidth product 

(reference 9)»  In crossing the collector depletion region, 

multiplication occurs and Mc carriers leave the collector. 

If the base current is constant, these Mc carriers roust 

flow into the emitter. They flow across the base to the 

2 
collector with a resulting M c flowing out of the col- 

lector after another interval Tb. This process keeps 

repeating, producing a regenerative buildup whose rate 

depends upon the transit time T. and M. The base transit 

time Th is related to the minority carrier diffusion co- 

efficient D and the base thickness Wb by 

Tb ~ Son (96) 

where m is a factor which accounts for built-in fields 

affecting the motion of minority carriers (references 29 

and 50). The diffusion constant D is not truly a constant 

but is a function of the impurity concentration. Using 

the Einstein relation, D can be related to the carrier 

mobility u by 

D = UT (97) 

Since u is a function of doping, D is a function of doping. 

In general, as N (acceptor or donor concentration) gets 
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smaller, u (hole or electron mobility) gets larger. This 

would tend to increase D as doping concentration decreases. 

Thus, as carrier removal starts decreasing the doping in 

the base region, D should tend to increase with a resulting 

decrease in T, . a 

As carriers are removed from the collector and base 

region due to neutron degradation, the collector-base 

diode depletion region spreads further and further into the 

collector and base regions. This would tend to make the 

base thickness look smaller and thus require less transient 

time. A finite time is taken for the carriers to drift 

across the depletion region, but this time can be neglected 

for all practical purposes.  However, it should be noted 

that if the depletion layer widens with the voltage held 

constant there will be a tendency for M to decrease. This 

would tend to make the rise time increase. 

4.  For some of the devices, V  had to be decreased 

at the higher nvt; otherwise, the device tended to fire 

without any input signal. This is probably caused by the 

increase in leakage currents because of rsutron damage. 

Some of the significant test results after each neutron 

run using the Fairchild 500 are summarized in figures 

67 to 75«  Figures 67 to 69 show representative results of ß 

degradation with increased neutron damage.  As expected, ß 
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decreased with neutron fluence. When the measured value 

of ß approached 1.9« the usefulness or interpretation 

of the Fairchild 500 test data becomes questionable^ due 

to the limitations of the machine. At this level a 

Tektronix 575 Transistor Curve Tracer was also employed 

to observe the transistors' characteristics and determine 

ß.    At the higher neutron flux levels, the measured 

values of ß  approached 1 (a few values of ß  were less 

than l), but the devices continued to fire. 

As previously discussed (see page 26, equation 25). 

the statement    aM = 1 or 

PM - M  1-aM {98) 

is the condition for the onset of avalanche. If in 

equation (98) <* was only 1/2, the required value for 

avalanche would be an M of 2.  From the X-ray results, 

values of M > 2 are easily obtained by varying the volt- 

age across the junction depletion region. That is, as the 

voltage V„_. is increased, the value of 0/  necessary for 
CB 

avalanche is reduced.  It is apparent that what one would 

like to do is maintain the highest value of M across the 

junction, so that the smallest value of a  necessary for 

avalanche is required, to minimize ß neutron degradation 

effects on the transistor. This was the approach taken in 

exposing the devices to a neutron environment, and some 

of the devices still fired after fluence of 8.612 x 10 ^ 

nvt even with a beta of one. 
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In the process of using the FairchiM 500, many of 

the transistors were destroyed because of instrumentation 

problems. One problem was that the Fairchild 500 was not 

operating properly at times and sometimes the program tape 

reader would read erroneous information off the prepared 

tape program. This resulted in the maximum rating of the 

I transistor being exceeded, with possible thermal destruction, 

1 and am over-range signal appearing on the Fairchild program 

I panel. Another problem was the author's unfamiliarity with 

I the machine. After a few pre- and post-test sequences, only 

I two to three of each type of transistor were left. 

I The results of l_ versus V„ for the collector base 

! diode and !„ versus V_ for the emitter base diode at 
I if ...      B 

I different exposures for some of the transistors are 

shown in figures 70 to 75« The breakdown voltage, V0, 
i B 

I 
I increased with increasing neutron fluence as shown in 

I figures 70 to 72. The maximum change in Vn was observed 

\ in the transistor with lowest doping (2N5033)' The results 

i of LVCE0. L^EP' 
hie' 

and voE 
SAT are not given, due to the 

random fluctuation of the data and insufficient time to 

properly analyze the tremendous amount of experimental data. 
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Figure 70, 

100 1 10 120 
VD(volt5) 

130 

It. versus V^ for the Collector-Base of Avalanche 

Transistor 2N3033, Sample #2, at Different NVT 

Exposures 
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Figure 71.  !„ versus V for the Collector-Base of Avalanche 

Transistor 2N3034, Sample #2, at Different KVT 

Exposures 
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Figure 72. In versus V for Collector-Base of Avalanche 

Transistor 2N3035, Sample #2, at Different NVT 

Exposures 
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Figure 73. I versus V- at Different NVT Exposures for the 

Emitter-Base of Avalanche Transistor 2N3Q33, 

Sample #2 
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Figure 74,  IF versus V at Different NVT Exposures 

for the Emitter-Base of Avalanche 
Transistor 2N5034, Sample #2 
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Figure 75.  Ip versus VF at Different NVT Exposures 

for the Emitter-Base of Avalanche Transistor 
2N5035, sample #2 

162 



-n-^^fc-^-tp^. 
viKt-tJ^^W&PBBP'am'****->•»*■'- -■---..■.■.-^A. .-W^-1~-._T_.._„_,. .     - - cfwi^Ä-B^^wr-AiS^-J^-Xr— ■ -.■    ' - ■    .■-.'""'^■v ^ 

i 

SECTION VII 

SUMMARY AND CONCLUSIONS 

An amalytical model has been developed in this paper 

to describe the avalanche multiplication of the photocurrent 

in a diode. An empirical equation was used to describe 

avalanche multiplication, which mathematically fits previous 

experimental results associated with avalanche devices. 

The avalanche multiplication phenomenon was related to 

physical parameters of the device, and equivalent circuits 

under irradiation were developed. These models described 

the behavior of photocurrent as a function of time when the 

diode was exposed to ionizing radiation. Both the 

operations prior to breakdown of the device and after 

breakdown were included.  The parameters of the models 

were related to measurable diode physical parameters, and 

hence, were used to develop design requirements for radiation 

hardening. 

An equation was developed v*iich indicated the reason 

for the observed longer tails on the photocurrent, once the 

device was in breakdown.  Experimental results ware given 

for transient radiation effects induced on the alloy p+n 

diode. The theoretically computed photocurrents compared 

favorably with the experimentally observed radiation 

induced photocurrents. 

The derivation of the expression for the primary photo- 

current indicated the necessity for reduction of the active 
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volume for radiation hardening since the photocurrent was 

directly proportional to the active volume. This implied 

that the smallest possible diode which met the required 

circuit application and power level should be used. This 

situation required the minimization of the junction area, 

depletion area, and minority carrier lifetime. The minority 

carrier lifetime can be reduced by gold doping, and the 

depletion widths can be minimized by the use of a lower 

bias voltage and proper selection of doping profiles. Since 

all the bulk primary photocurrent was multiplied by the 

multiplication factor M, this required that the device be 

operated at low voltage to minimize M. However, the multi- 

plication of the primary photocurrent can be used to a.i 

advantage when the device is used as a cancellation diode 

in a compensation circuit. Although the equation for the 

diode response did not include the interaction between the 

device and its external circuitry, the equation can be used 

in conjunction with the diode model to predict approximate 

circuit response. 

The basic theory of avalanche transistor operation 

was reviewed and the critical design factors were discussed. 

Expressions were developed which relate minimum trigger 

levels, power gains, and output pulse amplitudes to circuit 

parameters, considering quiescent and transient operating 
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conditions. Circuit designs were developed for avalanche 

transistor operation under transient X-ray irradiation. 

Since avalanche transistor circuits are normally 

sensitive to transient ionizing radiation, the following 

methods of hardening were used:  (a) an  external base to 

ground reverse bias source, (b) a collector to base 

compensation diode, (c) a collector to base compensation 

diode plus a collector to ground clamping diode, and (d) 

a base to ground coicpensation diode. From simplified 

I       equivalent circuits, approximate criteria for hardening 

I       these avalanche transistor circuits to ionizing radiation 
i 

were developed. Using these hardening techniques, circuits 
I 
I       were fabricated and experimentally tested in a transient 
I 
I f, radiation environment. The experimental results were consis- 

|       tent with the theoretical predictions. The circuits were 
I fi ] 0 
I       tested in the range from 10 R/sec to over 10 ' R/sec, and 

I       all of the above techniques increased the hardness of  the 

I       circuits. 

f The base to ground diode-compensated circuit, which did 

,;       not switch at about 4 x 10  R/sec, theoretically and 

experimentally, veriries the hardness of avalanche circuits 

i       to very high levels of transient X rays.  It is felt that 

|       with optimally designed circuits, radiation hardening can 

be achieved to even higher exposure levels. 
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Avalanche diodes and transistors were also irradiated 

in a neutron environment, and pre test and post-test data 

from the devices were taken. The following fundamental 

results on the diodes were confirmed or observed as the 

neutron flux increased:  (l) decrease in carrier lifetime, 

(2) increase in a conductivity modulation, (5) increase in 

breakdown voltage, and (4) an increase in leakage current. 

The same results were observed in the transistor with also 

a reduction in ß,   a general increase and then decrease in 

peak output voltage and minimum triggering voltage, and a 

decrease in rise time with increasing neutron flux. 

Depending on the dopings, some of the diodes and transistors 

were still functioning properly after irradiation up to 

8.612 x 1015 nvt. 

In summary,the avalanche transistor and diode without 

special design consideration are sensitive to irradiation 

by transient pulse of X rays. The predominant transient 

radiation effect in avalanche circuits is the possible 

switching of the avalanche transistor from the "off state" 

to the "on state,"due to induced transient primary photo- 

currents.  However, by using proper biasing and/or junction 

compensation, one can harden avalanche transistor circuits 

so they will not switch at levels of radiation up to 
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4 x 10  R/sec. Avalanche design is an effective technique 

to produce a circuit which is relatively insensitive to 

a neutron environment» A circuit employing an avalanche 

transistor has been experimentally determined to function 

properly after exposure to neutron fluence in  excess of 

1015 n/cm2. 

It is hoped that this research has demonstrated the 

necessity for future theoretical and experimental work in 

avalanche devices and the need for extension of the 

present work to a higher level of sophistication. From 

this contract work, several areas of investigation need 

to be further refined and completed. 

1. The development of a more sophisticated model 

of an avalanche transistor and diode for incorporation 

in computer predictions. 

2. The development of techniques for measuring the 

parameters used in defining an avalanche transistor or 

diode model. 

5. An investigation into the use of avalanche 

circuits for the replacement of presently used circuits 

or circuit functions. 

4. An investigation into the optimization of the 

circuits presented in this report.. 
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5. Ths developmefit of better techniques for observing 

transient or permanent dasaage in an avalanche transistor 

circuit exposed to a nuclear environment. 

168 

EiJSS;ff^-ÄÄ-fciJ;^.(S7,:.^. ■- 



^**j*i-<r -^ >'^vH^ .^.a^< -v-- 

i. 

APPENDIX I 

| DERIVATION OF p-a JUNCTION TRMTSIFHT C7JEREKT 

To evaluate an expression for the transient response 

of a p-n junction,several assumptions have to be made. 

I        These assumptions are as follows: 

I I. The diode has a one-dimensional carrier flow. 
I 
I 2. The voltage applied externally across the diode 
I 
| is assumed to occur mainly across the depletion 
i 
| region up to the breakdown voltage of the device. 
I 
ft The field available for drift within the taain 
Iff 

| body of the p-region or n-region is therefore 

| very weak. 

I 3« When the external voltage across the device exceeds 
I' 

the breakdown voltage, the additional voltage is 

assumed to be dropped uniformly across the lightly 

doped side. 

h.    The diode is uniformly doped. 

% 5- Diffusion theory holds for predicting transient 

effects. 

6. The contact on the lightly doped side is greater 

I than several diffusion lengths from the junction. 

7. The ionizing radiation uniformly produces excess 

electron-hole pairs. These excess electron-hole 

pairs produced are assumed to be in sufficient 

i,< 9 



amount to significantly alter only the asinority 

carriers in ea^n region as shown in figure 13* 

When considering the transient response of a p-n 

junction, one runs into the problem of hols injection 

into an n-region, or electron injection into a p-region 

(reference 16). If holes injected into an n-region are 

considered, one can express in words the conservation of 

holes at a fixed point in space as 

tpse rate of 
increase in 
hole density 

_ fthermal generation! 
[rate of holes    j 

("recombination 
j_rate of holes 

[outflow 
of holes_ 

radiation 
generation 

rate of holes 
(99) { 

The first term on the right-hand side of the above equation 

2 is equal to rnt and the second term is equal to rnp where r 

is a constant. If it is assumed that only the minority 

carrier density is altered appreciably in excess of the equilib- 

rium densities p  and n  due to hole injection, one can write cno no 

p = p  + 6p 
^n  rno   rn (100) 

and 

n^ »s n^ n   no (101) 
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Hence, if one negxects momentarily the radiation term, the 

first two terms on the right-hand side cf equation (99) can 

be written 

d(?Pn)      2 2 

—ÄZ  - rn;  - ^np = rn. - m   (p  + 60 ) dt        i^i   "no ^no   yn/ 
(102) 

.2 Since rn. is equal to rn p  , equation (102) becomes 1 norno  ^      v   ' 

ir(6p ) atv Fn' 
rn 6p 

no rn 
(103) 

Solving for 6p  gives 

-rn t -t/T 
6p = (5p) e  no  =    (^\  o        P 

n =  (&p)oe (104) 

where one defines rn  = 1/T , and (6p)  is the value of 6p no     p     "•  c' o rn 

at t = 0.  Solvixig for 6pn out of equation (100) and putting 

it into equation (10?) one obtains 

-3-7- (6p ) - m  (P - p ) = dt v ^n'    no v^n  ^no7 
^no " ^n 

(105) 

The outflow of holes can be found by examining a cube 

of widths Ax, Ay, Az.  Net inflow into cube = 

l^z 1  Jz 1 öjx 
Ay + — s Az + — v— Ax 

(106) 

On considering a unit cube, one can rewrite equation (l06) as 

1 
q 

9 j    ö j    ö j 

By   äz   ox 
A V 

(107) 
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where 3 is the currer.*: density. 
P 

The continuity equation for holes injected into an 

n-region becomes,from the above derivation. 

—w—   =  r q 7 * ^P 
+ g(t)    (108) 

where g(t) is the carrier generation late due to radiation. 

Similarly the continuity equation for electrons can be 
I 

written i 
i 

I dn (x,t)    n  - n   , 
P'   ■ « -22. £ + i 7 . j + g(t)        ,  , 

| dt Tn     q  * -"n  g^;        (109) 

i The change in signs arises because of the negative charge of 

i ,   > I electrons. 

| The electron and hole-current density arises from drift 
l 

of carriers in an electric field and diffusion of carriers 
?. 
Y- 

| from a concentration gradient.  If we assume that both 

I processes go on independently, we can add the current 

densities to obtain 

j (x,t) = qu pE - q D Vp 

! and 

j (x,t) = qu nE + q D ^n ■,nv   '  ^ n    ^ n (111) 
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where the direction of the current densities is in each 
i 

case the conventional direction. 

The transient response of a diode is aiade up of two f 

cornponents, which are the depletion component and the 

diffusion-electric field component. The depletion 

component is normally referred to as a prompt photocurrent, 

which is produced by carriers generated in the junction 

depletion region. Since this component is collected in a 

few nanoseconds, it can essentially be treated as having 
f 
I      no time delay with respect to the radiation pulse, i.e., 
I 

s 

I 

ip(t) « qAWtg(t) (112) 

The diffusion-electric field component is a delayed component 

I      of photocurrent, i^Ct), developing from the diffusion and 
I 
|      drift of carriers generated in the bulk material. If we use 

a p+n junction, most of the delayed component originates in 

the lightly doped n-material. Using this assumptiop, the 

delayed photocurrent is given by 

id(t) K5 qAupE pn(x(t) 
apn(x,t) 

-qA D„ —^ 
p 

x= -d^ x= -d n n 
(113) 

where the field and x direction are shown in figure 76. 
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Figure 76.  Physical layout of a p-n Junction 

If one uses the boundary conditions 

P^-V^Pno^-O (lit) 

and 

lim 
x -♦ -«  |pn(x/t)i < 

(115) 

equations (108) and (109) can be solved by use of Laplace 

transforms for a constant voltage V and an electric field E, 
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By using equation (110) om can write equation (108) as 

ftpfx.t)   _ _  p(xtt)-pnn 3p„(x.t)     a2pn(x,t) no        .. „      n1       '  ^ ^        NO. 

Ox' 
*i_i = g(t) - la:—Lmo  _      _^_—. + D __ 
ht *\   / r p äx p ^„2 

,u E Au E. 

P P P P 

P P P P l-l-lö) 

oV x + d 
Since pn(xf0)  = pno + pno  (exp 3_ _  i)   exp  (     L    n)  ~ 

P 
x + d 

p  - p  exp -—-s—— for reverse bias (reference 16) 'no  ^no  r  ij K ' 
P 

the particular solution P  (x,s) was assumed to be of the npv  ' 

form 

m 

4 
-I (116) 

Taking the Laplace transform of equation (116) and | 

rearranging terms, one obtains | 
a 

a P fx,s)  u E dPr>(x,8)   ,      , i 
 ^ ^2 f 1  (s + 1-) p (x.s) « I 
^?^  Dp    ax       Dp      TP   n I I 

^(Pn(x'0)+^+^)) (117) I P P V    I / ^ 

-i 
By solving the auxiliary equation,   one can solve for the | 

coHip lernen tar y solution P     : I nc s 
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p
np(

x's) = c3 + c4 exP(- 
x + d 

■2) (119) 

Puttiag equation (119) into equation (11?) and solving for 

C-s and '\, the particular solution can be written as 

p (X,s) «!no +_Gi8)  . 
npx  '   s     .1 

no 

s + u E 
s + 

x+d 
exp (-^ 

P 
(120) 

The general solution can then be obtained as the sum of the 

particular and complementary solutions (equations 120 and 

118). Applying the boundary condition given in equation 

(113) to the general solution, we find that C2 is zero. 

Applying the boundary condition given in equation (ilk)  to 

the general solution, we can solve for C, and obtain that 

s + 

no 
u E 

s + =-2- 
Ju 
p (121) 

Retaining only the terms in the general solution that 

correspond to the radiation induced densities, one can show 

that the excess density due to radiation p(x,s) is given by 

(X,s)=j£is| 
s + 

p '- 

u_E 

1-e  P 
GiW© +^(s+i))(x + dn) 

(122) 

Substituting equation (122) into the Lapiace transform of 

equation (113) and adding the prompt photocurrent, we obtain 
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I (s) 
ppv ' 

-  qAG(s) Wt + 
U E 
P 

^ 

2 2 
s + .p  + S + IJD y 

1/2 

P 
(s +f-) 

p 

(125) 
i 

where I  (s) is referred to as the primary photocurrent. 

By assuming öome form of the carrier generation rate, the 

inverse tramsform of I  (s) can be solved.  If we assume a 
PP 

pulse of magnitude g and duration t , i  (t) is obtained as 

shown below, by neglecting the prompt component. I 

i     (t)   = qAq 
P? 

uET t/Tp)-Vi e-
t/T

£ er 
/u2EZ 

-V   4D 

TT^— + -/v^ vt-fe- T
P 

+1) "«v(-fe-+ f)' 
^ ^ P P P 

o -; t ^ t o        ('4-24) 
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ipp(t)  » qAg 
u ET    ,    W„ /      "      pv    u ET 

-/t-t 

P P 

/UV / UZE2      " 

i   2 2 —  

-««/(V+ f)(t-t0)) 
p      p 

t   2   t O 
(125) 

If we let E « 0, equations (124) and (125) reduce to the 

I       previous result given by equation (47). 

Using equation (125). a computer program was written 

to determine i0p(t) for different values of t  and E. The 

assumed values for the empirical constant were as follows: 

-3  ^ 2 2 A - 1 x 10 ^ cm' , Ü = 6.5 cm /sec , u = 250 cm /v sec 
ir P 

q = 1.6 x 10" y coulomb, and g = 6 x 10  pairs/cm^-sec. 

The generation rate g can be approximately calculated from 
• -12 -        * 

the relation g = 100 PD ♦ 1.6 x 10   e, where D - 
■* 

absorbed dose in R/sec, p = mass density in gm/cnr = 

2.42 for silicon, and e is the average energy to form one 

electron-hole pair. Using these assumed parameter values, 

the theoretical results are plotted in figures 77 through 

79. 
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APPENDIX   II 

p-n JUNCTION DEPLETION  CAPACITANCE 

When a p-type material comes  into intimate contact with 

an n-type material there  is  a  transition  region where  the 

impurity concentration changes  from one  type  to another. 

The behavior of  this  transition  region is different  for 

grown and  fused  types  of construction. 

If a p-type material and n-type crystals are brought 

Into contact,   there  is a diffusion of holes near the junction 

xrizc tac- u-type crystal due  to the  large concentration gradient 

for both carriers.    However,   the flow is only  temporary and 

the diffused carriers  recombine.    But as  the diffusion and re- 

combination process continues,   the diffusing electrons  leave 

behind  immobile,   positively-charged acceptors.     The  tendency 

here  is a buildup of an electric  field.    However,   the electric 

field that develops  from the diffusing of carriers  is  in a 

direction that opposes  further carrier drainage.    This  field 

sets up a drift component of carriers that are  in an opposite 

direction to the diffusion component.    An equilibrium is 

finally reached so  that the drift and diffusion components 

of both electrons  and holes  are equal and opposite. 

Before  the  two  regions were brought  into contact,   there 

v^as no net charge  in either region.    When the two regions are 

put together,   the bulk  region  remains electrically neutral 

and a space charge  region develops near the  junction.     If we 
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assume there is no voltage field in the bulk materialj, then 

all of the electric field lines must terminate in the 

depletion area. Thus the negative and positive charge 

volumes must be equal:  that is 

qANDdn = qANÄdp (126) 

where 

q = the electronic charge 

A = junction area 

N^ = donor concentr-atior» in n-i:egion 

N. - acceptor concentration in p-region 

d = depletion width in n-region 

d = depletion width in p-region 

In figure 8l_. we have shown the impurity concentration, 

net charge density, electric field, and the electrostatic 

potential developed across the transition region for a p-fn 

alloy junction (abrupt junction), As depicted in figure 8lb, 

the space charge areas are equal and opposite with magnitudes 

N- and N_ and widths d and o , respectively.  These widths AD p     n 

are an approximation, as we expect the space charge to gradu- 

ally diminish, but the approximation closely describes the 

real case. The electric field as shown in figure 8lc as a 

function of distance has a maximum at the junction, as the 

junction is between all the positive and negative charges 

(that is, the greatest number of field lines cross the 

junction).  Fr0ra the above discussion we see that upon the 
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Figure 81.  Abrupt Junction Capacitance Characteristics 
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forrdng ot a junction there arises inherently a space charge 

region, an electric field, and a potential, and therefore 

the junction is pre-'biased from its bailt-in contact 

potential. We know from the current equation that 

j  =0E-s-qD -—a nqu E + qD -^ /,^.T\ ''an   ^ n ax        n n   ^ n ax (12r) 

Under equilibrium conditions this current must equal to 

zero; solving for E we obtain 

D , , 
„    _n I a_n 

(128) 

Since the voltage  is  the negative  integral of the field,   the 

contact potential  is given by 

K-  =,^ö P side p side _ _ ^ 
r        r, *..      Dn    {'    1 an VrD =  -     \ E-dx = -ü    \    i Hi dx = -^ ln(n) 

CP j u       J    n ax u v   ' 
n side n " , n side 

D„ n 

= Jl !„_£ 
u n n n 

(129) 

where nn  is  the  free-electron concentration  in  the n-region, 

and n    in the p-region.    We know that at  room temperature n 

is  very nearly equal  to the doping  level N     in  the n-region 

and p     is  very  nearly  equal  to doping   level N     in  the p-region. 

2   2 n,   n. 
We can therefore say that n = — = ^ . Using this expression 

p  pp   A 

D D o n   K P for n and the Einstein relation —*- = — = — , equation 129 p                        u u    q    ^ p n   ^ 
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can be written as 

„  „  KT ,  NDNÄ V
CP - " T" in -T- 

ni (*50) 

whert: X = Boltzmann's constant = I.58 x 10" ^ joule/0K, T = 

temperature in degrees Kelvin, and q is the electronic charge = 

1,60 x 10   coulomb. As we can sec from equation (150), 

the contact potential depends on the impurity concentration 

and on the type of semiconductor (n^ » 2.4 x 10 -^ cm"- for 

Ge and n. = 1.4 x 10  cm"^ for Si).  It is also a negative 

value with reference to the n-side and its magnitude for 

silicon ranges from 0.5 to 0.7 volt at room temperature. 

When we apply a reverse bias across the junction (it 

will be in the same direction as V-p), we upset the bulk 

equilibrium condition, and the space charge region must widen 

further depending on the impurities concentration and the 

voltage applied. Employing Poisson's equation, we can inter- 

relate the electric field, the potential, and the space charge 

density by 

d^V _  dE _ - space charge density 
TT ~ " 3x c c dx r o (^ 

where c  is relative dielectric constant of the semiconductor, 

€  is permittivity of free space = 8.85 x 10"  farad/cm, 

and we assume one-dimensional analysis.  Since we are assuming 

that the concentration changes abruptly from a donor to an 
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acceptor, we Coin use constant impurity concentration on 

either side of x;he junction for calculation purposes.  We 

can therefore carry the derivation in two columns (one for 

negative x  and one for positive x)  around x = 0 and add 

the resulting potentials together tc get the total potential 

across the junction. 

Negative x Positive x      (132) 

d2V   -^D d2V   qNA 
 Ä-  —  —   —«■  ~    

dx^  €reo dx^   fr€o 

Integrating with respect to x,we obtain the electric 

field S as 

-qN ,      -aN        (155^ 

dx E - €r€0 
x      Cl 3^ -   ^   €r€ft 

x + C2 r o r o 

where C,   and C«  are  integration constants.     Since  the 

electric  field must go to zero at the edge of the depletion 

region,   C,   and C~ can be evaluated and the equations above 

rewritten as 
(154) 

=   _E   = (x   +   d   ) = -£ - (x   .   d   ) 
r o r o ^ 

This equation  for E gives  the characteristic   for E as  shown 

in  figure 8lc,   where  the  bulk of  the n-type  region   is  used 

as  a  reference.     The electrostatic potential can  be  obtained 

by  integrating once irore and expressed as 
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-qND .X2 , , .. . ..    ^A .x2 V =   (£- + d x) + c,      V =   (~ - d xj + C.. 

(155) 

Since the voltage must be continuous across the junction, 

C, must equa.1, to C^. The voltages, v and V , evaluated at 

-d and d are given by 
n    p 

u   qNDd?n + r -qNad
2 

r0 P  l€r€o     5   ^ 

The total voltage across the junction V. with reference 

to the bulk n-region is found by subtracting V from V and 
IT ^ 

can  be written as 

V.   = V     - V    = ^"q       (N.d2  + N^d2) 
ipn2€CvApDn/ ,> 
J v r o r 1137) 

where V . is composed of the contact potential V^.p and the 

externally applied voltage V (i.e., V. = V  + V ). Using 

the relation given in equation (126) and equation (137) we 

can solve for d and d ; n     p 

and 

d =/üvzr^ 
n  V   0-   ^VB' (1J8) 

/ -2c € v.  NITN^ 
d = / F 0 3 ( D A) 
P  V   q   1N

A
+N

D
; (139) 
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Since the full width w of the depletion area is the sum of 

d and d we obtain n     p 

W "'  n   ap - V q(NA+ND)  VV ND   V NA ) (^o) 

Equation (l40) shows that when the bias is negative, the 

depletion region widens across the junction with respect to 

the bulk n-region (that is, the junc .ion depletion region 

widens if reverse biased and narrows when the junction is 

forward biased).  In a special case of doping as encountered 

in a p+n junction, N » ND, and equation (140) reduces to 

(141) 
W-V—q  ND(NA+NDr  " V—^ 

This implies that in a p+n junction, the depletion region 

expands almost entirely into the lightly doped side as 

illustrated in figure 81.  The depletion can be visualized 

as a parallel plate capacitor.  That is, for small changes 

in bias voltage we are just adding charges at the boundary, 

The incremental junction capacitance C. per unit area 

(-T^—; can be expressed with use of equation (l40) as 

(142) 

A  A dv: '   w  ' V -2(vQ+v__) /W N.. 
T V w: J 3 x e  CP' /    u A 

or for a p+n junction (N » Nn) 
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/^Votv ND^D    r~^7^ 
A ^ V —^VV^A  " • ^V^P'      (145) 

where V and V_D are measured with respect to the n~side. e     v* 

With this terminology, V  will always be negative and V  is 

negative for a reverse biased junction and positive for a 

forward biased junction» However, in a forward biased case, 

V vill not exeed V__( and therefore w will not go to zero e CP ^ 
or C. to infinity.  From equations (142) and (1^5) it would 

2 
seem possible to plot 1/C. - 0* However, this is not 

possible, as in any electrical measurement there is the 

problem of stray capacitances.  In reality the junction 

capacitance is given by 

Cm 

€^^Nr _ .  , r o^ D   1     „ 
CP' (M) 

where C is the small signal measured capacitance and C is 
ID ^ S 

the stray capacitance.  In equation (144) there are four 

unknowns. A, ND, V , and Cs.  If we let k 
= "2/crfoqND, 

equation (1^4) reduces to three unknowns. By measuring 

the junction capacitance at three d-c bias voltages, equation 

(l44) represents three equations given by 

 ^--^  = k(V  + V  ) 
(c     ^ el 

1 5 (145) 

1       =  k(Vo  + V^) 
(c  -c r 2 
m2 s' (146) 
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 -Y     =    k{ve    + V    ) 
(c    ~cor 5 

m3   S (U7) 

After subtracting equation  (l45)from  (1^-6)   and equation  (147) 

from  (1^6)  we  obtain, after rearranging. 

3 1 11 
(C     -C  )T        (C     -c~p fC     -C   )2 (C     -C   )? x   m0     s' v  m.     s' -  m..     s' mo     s'  2_ i  = k = ^ __2  

V -  V v ~     V 
e2 el 5 2 (148) 

If we require that V  _ v  = V  - V^ , then equation 
e5   '2    2    I 

(148) reduces to a cubic equation in the stray capacitance 

expressed as 

3 
s 

r(Cml - 2Cm2 + Cm3 ' 4CmlCm2 ' 4Cm2Cm3 + 8V.Cml)l r2 m'3 min c< 

4C 0 ~ 2C . - 2C , J s 

m2    ml    mjj 

r(C. ,0 0 + C 0C , - 2C ,C ,)(€ T + C 0 + C _)-, 
+ rv ml m2   m2 m3 m3 ml' v ml   m2   m3 j c 

2C „ - c , - c , m2   ml   m3 

2 2 2 2    2 2 
ml m3 ml m2 m2 m,3 ._ 0 

4c - ?c  - ?c (1^9) 4 m2  ^ ml  ^ m3 

The solution to the cubic equation was solved in a 

computer program for the various diodes, and the root which 

satisfied physical considerations was chosen (reference 28). 
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Knowing C , k can be evaluated from equation (148).  Wich 

this value of K, Vc is ccmputed from equation (145)/ that is, 

H(C -cs)     i (150) 

By making a plot of the reverse current ver&u.s the reverse 

voltage across the diode past breakdown, the breakdown voltage 

VB can be obtained by extrapolating the value of voltage to 

zero current. Using this value of V,,,   the impurity concen- 

tration N can be obtained from the data of McKay and Miller 

(references 5*6/7« and 8). For voltages greater than 10 

volts, the impurity concentration can be related to the 

avalanche breakdown voltage by the equation 

N - 3.49 x 1018 
iND    v 1.45 

B (151) 

Using the above obtained value of N (from equation 151) and 

k (fr'.4n equatio: 1^8), the value of A can be computed. The 

results obtained by the above methods compared favorably 

with those obtained from a destructive measurement. 
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